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Abstract 
Many people die from heart failure, a disease which can be treated with heart transplant or 
mechanical assist devices. Due to the lack of heart donors, mechanical assist devices also 
called blood pumps are an excellent alternative to tackle this issue. The third generation of 
mechanical assist devices are a combination of a rotary motor and a magnetic bearing. The 
design of the controller for these blood pumps is still in the development stage and being 
studied.  
Therefore, the first objective of this study consisted  of  modelling and simulating a high 
performance motor control algorithm called  the Field Oriented control (FOC)  algorithm 
which is used by many blood pump designers. This algorithm was used to control a 
Permanent magnet synchronous motor (PMSM) for a third generation blood pump.  As the 
PMSM of this study utilized low resolution Hall Effect sensors, the second objective was to 
improve the resolution of rotor position estimation   to achieve a high performance FOC 
algorithm because the sensors only provide six steps in an electrical cycle.  Then this 
improved algorithm was compared with a high resolution position sensor such as an 
incremental encoder algorithm in order to evaluate not only rotor accuracy but also speed 
response, the current response and the power consumption in the simulation. The last 
objective of this study was to implement this FOC algorithm into the microcontroller to 
control the PMSM based on the Hall Effect sensors in order to validate the system 
The first objective was achieved by using a rapid prototype approach with Matlab and 
Simulink. Two Simulink toolboxes Simpowersystems and embedded coder were used. The 
first one was utilized to model the PMSM whereas the second one was used to make the FOC 
algorithm based on two libraries, Digital Motor Library (DMC) and IQ math. The second 
objective which was the improvement of the resolution of the Hall Effect sensors consisted in 
integrating the actual speed and resetting an integrator every electrical cycle based on the 
Hall Effect signals. It was also compared with the incremental encoder. The last objective 
consisted of downloading the code for FOC algorithm to a microcontroller and recording data 
from hardware in order to validate the system.  
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The PMSM was controlled with the FOC algorithm where the direct and quadrature current 
are controlled independently, in the same manner as the behaviour of the separately excited 
DC motor. The PMSM had the same speed, current and power consumption as a function of 
the rotor position based on the proposed improved Hall Effect sensor algorithm and the 
incremental encoder algorithm in the simulations. The motor speed range was between 1000 
and 4000 RPM, and power consumption was under 20watts. However, rotor position errors 
were observed at the starting up of the motor and when the external load was applied which 
caused an overshoot and current spikes in the speed and currents responses respectively. This 
issue was related to the machine dynamics because the proposed algorithm assumes the speed 
constant in every step in the electrical cycle same as the previous step, which is not true 
because the motor accelerates and decelerates. In order to improve this, it is necessary in 
future studies to take the acceleration into account into the proposed algorithm. After the 
simulations, the FOC algorithm was executed on microcontroller hardware in order to control 
the PMSM and obtain physical measurement data to validate the system. 
This study has provided additional knowledge to designers about motor controller design 
which is one part of the third generation blood pumps. This study showed how to model a 
PMSM and implement a FOC algorithm with a rapid prototype approach. It also provided 
data which can help designers determine whether Hall Effect sensors can be suitable for their 
blood pumps. An algorithm for improving the rotor position estimate  based on the Hall 
Effect sensors was applied and results were compared with those using an incremental 
encoder algorithm in this study.   
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Chapter 1 
 
Introduction 
 
 
Congestive heart failure is the leading cause of morbidity and mortality in the western world [1], 
representing 16% of deaths in Australia in 2009 [2]. Heart failure can be treated with 
medicaments but a heart transplant or a mechanical assist device is required for end stage heart 
failure [3].  
Complete heart replacements (or Total 
Artificial Hearts (TAHs)) and heart assist 
devices such as the ventricular assist devices 
(VADs), are among the various possible 
mechanical assist devices. The latter can be 
configured to facilitate the function of the 
left ventricle (LVAD), the right ventricle 
(RVAD) or both (BIVAD). The components 
of a mechanical Assist Device are a control 
unit and a pack of batteries, which can be 
seen in Figure1. 
 
 
 
Figure 1 - Mechanical Assist Device Components 
 
The mechanical assist devices can be classified into generations including first, second and third 
generation. The first generation are called displacement pumps. They use pneumatic or 
electromagnetic pusher plates to deform diaphragm in order to pump blood, which therefore 
makes them pulsatile. The second and third generation are called rotary blood pumps which use a 
helical impeller to suck blood from the inflow cannula to the outflow cannula and have a non-
pulsatile flow. The difference between the second and third generation is that the second 
generation has mechanical bearings while the third generation uses hydrodynamic bearings 
and/or full magnetic suspension.  
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Rotary pumps make less noise and are smaller than displacement pumps, making them more 
suitable for use in industry [4].  The physical structure of some rotary blood pumps consist of a 
levitated rotor which is between two stators, one at the top and the other at the bottom which are 
in charge of the levitation and rotation of the rotor respectively. The top stator produces an 
upward directional force to the rotor, while the bottom produces an attractive force to control the 
axial position and the rotating torque of the levitated rotor. Field Oriented Control (FOC) or 
vector control algorithm  is used to control the axial position and the rotating torque of  bottom 
stator (Motor)  independently [5].  
 
However, there has been little study done about the simulation and implementation of the FOC 
algorithm into a microcontroller to control the motor of these types of blood pumps. Therefore, 
this study seeks to simulate and implement the FOC algorithm into a microcontroller to control 
the motor, and evaluate its suitability.  In this study, the rotation of the rotor is only analysed, 
while the levitation of rotor is neglected by attaching a shaft to the rotor and removing the stator 
from the top.  
Generally, the performance of motor of a 
blood pump is tested in a motor test rig. For 
this study, there is a motor test rig which has 
a Permanent Magnet Synchronous Motor 
(PMSM), a rotor with eight permanent 
magnets and three low resolution Hall Effect 
sensors which are attached to the stator in 
order to monitor the position of the rotor. 
Figure2 shows the Motor test rig which is 
used to do the experimental part of this 
project.  
 
 
 
Figure 2 - Motor Test Rig 
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1.1 Significance 
The outcomes of this study can benefit mechanical device designers, and in the long run, heart 
failure patients. Firstly, due to the fact that there has been little study done about the simulation 
and implementation of Field Oriented Control (FOC) into a microcontroller for a blood pump, 
this study will narrow this gap by providing information about the design of the FOC into the 
controller unit and the evaluation of the improved rotor position based on low resolution hall 
effect sensors and the high position incremental encoder for a blood pump. Finally, heart failure 
patients with low medical care budgets can benefit because if the improved rotor position 
algorithm can behave the same as the incremental encoder, it would allow reducing the cost of 
the blood pump design due to the fact that the Hall Effect sensors are far cheaper than the 
incremental encoder sensor.  
1.2 Aims and Objectives 
1.2.1 Aims 
This study seeks to implement a Field Oriented Control (FOC) and evaluate its suitability into a 
microcontroller for a third generation blood pump. 
1.2.2 Objectives 
The aims of this study can be stated as: 
1. Simulation and Implementation of the FOC algorithm for a third generation blood pump 
into a microcontroller, where the magnetic levitation of the rotor is neglected.  
2. Improving the resolution of rotor position algorithm based on Hall Effect sensors. 
3. Evaluating not only the accuracy of the improved rotor position but also the speed, 
current response and power consumption based on an incremental encoder algorithm in 
the simulation. 
4. Hardware implementation of the proposed Field oriented algorithm based on the Hall 
Effect sensors. 
1.2.3 Limitations 
There is a lack of open literature on the use of microcontrollers in commercial and under 
development blood pumps. This is because it is highly confidential and protected information. 
Therefore, a microcontroller is chosen based on the requirements from the inputs and outputs 
FOC algorithm. 
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Chapter 2 
 Literature Review 
 
2.1 Introduction 
This chapter details the characteristics of the blood pump’s controllers including controller size, 
power consumption and type of motor control algorithm.  
2.2 Review of blood pump controllers 
The table below shows a technical review of the characteristics of clinically applied and under 
development BiVADs. 
 
 
Table 1 - Characteristics of clinically applied and under development BiVADS[6] 
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The generations of clinically applied and under development BiVADs  can be seen in table 1, 
where the first generation BiVADs  have been used clinically more than the second and third 
generations. However, these BIVADs present some issues including a large external pneumatic 
driver which does not allow for easily moving the patients, thrombus formation and device 
failure. For example, the first generation of BiVADs including Abiomeds, Thoratec, Berlin Heart 
Excor, Medos HIA-VAD are heavier than the Gyro which is a second generation pump and the 
Levitronix CentriMag which is a third generation pump. The BiVADs under development 
including CorAide/DexAide and gyro are lighter than BiVADS mentioned before. Based on 
power consumption, first generation blood pumps such as Abiomed consumes more power than 
second and third generation among clinically applied and under-developed blood pumps.  
Almost half of these second and third generations utilize Brushless DC Motors because they 
have high efficiency as well as reliability.  
 
2.3 Review of motor control algorithms in blood pumps                    
Lee and Lemley [7] analysed the advantages and disadvantages of three commutation methods, 
namely trapezoidal, sinusoidal and field oriented control (FOC) for BLDC motors. All of these 
methods are very effective for speed control. Trapezoidal commutation generates torque riffle at 
a low speed; however, the implementation of this control is easier than sinusoidal and FOC 
commutation. Both are appropriate for torque control at low speeds but sinusoidal is inefficient 
at  high speeds.  FOC commutation has better characteristics than other commutations; however 
the control algorithm is complex. 
 Ueno and Okada (1999) [8] proposed a field oriented control for an induction axial gap motor 
bearing to control the axial force and the rotating torque independently. A radial magnetic 
bearing which controls two degrees of motion in the rotor was developed [9-11], and 
implemented  in blood pumps [12];  however,  it has some drawbacks, including a complex stator 
construction. It is also relatively difficult to control. A unidirectional axial gap combined motor 
was introduced, which consisted of a disc motor and an axial motor-bearing[13].  
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This unidirectional motor needs a bias force to maintain the attractive force between the stator 
and the rotor stable and is used for low power applications.  
Apart from the unidirectional motor, Ueno 
and Okada (2000) [14] proposed a 
bidirectional axial gap combined motor-
bearing which has two stators and between 
them a rotor as shown in Figure3. The 
bidirectional motor has more torque than the 
unidirectional one and is used for high 
power applications to produce a monitoring 
torque without depending on the atractive 
force. This force is obtained by the 
difference of force generated by  each stator 
and the torque is the sum of these stator 
forces. The MacLaurin series is used to 
expand and linearize the total axial forces 
and the monitoring torques to obtain the first 
order terms: force factor (KF) and torque 
factor (KT). A closed loop analysis of this 
system indicates that Iq controls the torque 
and Id controls the axial force.  
 
Figure 3 - Schematic of bidirectional axial gap 
combined motor-bearing [14] 
 
Development of this system was based on a 
DSP chip (TMS320C30), which reads the 
displacement signal from a sensor and the 
rotation from a high resolution encoder. 
Kato,Masuzawa and Okada [5], developed an axially levitated blood pump. In this 
bidirectional pump, they tested the pump with two types of motor including a ‘prototype’ and an 
‘improved motor’. The first one produced an attractive force of 13N with 2mm air gap between 
the rotor and the stator whereas the improved one produced 19N. The force generated by the 
improved motor was due to four permanent magnets, instead of a magnetic ring on the top of the 
stator. They controlled the axial position and the monitoring torque thought vector control, as 
reported in [15]. A bearing-less centrifugal blood pump was documented in [16] .  
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The authors of that work used a BLDC motor instead of a PMSM motor in this bidirectional 
pump because a PMSM motor is difficult to start and it has low torque. The pump had automatic 
control only along the Z axis displacement, with the other degrees of motion being controlled 
passively. A DSP1102 controller board based on a Texas Instrument TMS320C31 sensed the 
currents and the position, and then commutated the coils to eliminate the steady stated error. 
Finally, this controller output the currents to the power amplifiers to power the pump.  
High resolution encoders are required to guarantee good current waveforms for motor control 
algorithms especially FOC. However, they are expensive and require special construction. Hall 
Effect sensors are a good alternative for using in a Permanent Magnet synchronous motor 
(PMSM) or Brushless DC motors (BLDC); however, their signals need to be processed to 
enhance their resolution making them almost equal to the resolution of high resolution encoders.  
Morimoto[17], used Hall Effect sensors and additional hardware to improve their resolution in a 
PMSM.  It consists of interpolating two consecutive Hall Effect signals based on the estimated 
motor speed. However, this cannot be used at start up or when the motor accelerates or 
decelerates to low speed due to increased error in position estimation. Bu[18] removed the 
hardware needed  in the last study and used the well-known  mechanical motion equation  in the 
observer for  rotor estimation, where the algorithm was reset every 60° .  
Capponi [19], determined the rotor position by taking zero-order term of an approximated 
Taylor series expansion from the Hall Effect signals. He also proposed a way to switch between 
BLDC and PMSM mode, which depends on the reliability of the rotor position. Kim [20], 
controlled the rotor position over the entire time speed range by integrating methods including 
speed reference for zero speed at start up, low resolution Hall Effect sensors for low speed 
acceleration and Back EMF high speed operation. In a study [21], where the rotor position was 
acquired with Hall Effect sensors in a blood pump , the amplitude of the Hall Effect signals 
changes due to hydraulic forces on the impeller. Therefore, a control was designed to 
compensate this change of amplitude with respect to rotation speed, thought two correction 
factors. While these researchers used Hall effect sensors to monitor the position of the rotor, 
Nguyen and Ueno (2008)[22],  proposed an observer called Sliding Mode to estimate the 
position and speed of the rotor without using sensors.  
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There are some additional control approaches, including Luenberger and extended Kalman 
Filter; however, Sliding Mode is robust to measurement noise. Although Sliding Mode can 
reduce the size and cost of the system, it does not work at zero and low speeds. All controllers 
were based on PI controllers except for the PID controller used in the axial displacement. Ueno 
et al. (2002) [23],  proposed a position self-sensing control for an axial self-bearing motor. This 
approach involves supplying PWM current waveforms to the windings from the stator and 
demodulating the high frequency ripple presented in the PWM current waveforms to obtain the 
axial displacement. Although this method works numerically, it did not produce good results 
experimentally. 
Chen et al [24], implemented a FOC algorithm into a DSP  to control an induction motor.  In his 
study, he made an evaluation among different processor boards in terms of CPU speed, PWM 
resolution, encoder interrupts, ADC and on board programming in order to determine the more 
suitable processor board for FOC. He discovered that the TMS320F235DSP has the best 
characteristics among the boards. Larson[25],  implemented a FOC algorithm with the same 
processor from the last study,  to control a PMSM.  He used a different technique to program this 
processor. Instead of writing intensive lines of code, he used a Simulink toolbox called Target 
Support Package, known today as Embedded Coder, to program the processor in a graphical and 
intuitive way.  He powered the motor with an Intelligent power module (IPM) which is a small 
chip and has IGBTs and some circuits including signal processing, self-protection and diagnosis 
for motor control. The advantage of using a IPM is that it has small volume,  simple design and 
high reliability[26]. Sun et al[27] also controlled a PMSM with FOC and powered the motor 
with an Application Specific Intelligent Power Module (ASIPM) for a radar driven system.  
Although, the designs of the miniaturization of blood pump controllers are not available because 
it is confidential information,  there is a published study[28] of the miniaturization of left 
ventricular assist device (LVAD) electronics package. Their pump controller consists of a 
MPS43F5438A Texas instrument microcontroller, a brushless motor controller and an H bridge 
for the magnetic bearing. It is functional but it is still too big to be portable.  
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2.4 Conclusion 
 
There are some important conclusions for this research arising out of the literature review. FOC 
offers better characteristics than other motor control algorithms including trapezoidal and 
sinusoidal commutation. The FOC algorithm is used to control the torque and axial force 
independently in unidirectional and bidirectional axial gap motor bearings for the blood 
pumps[5, 8-10, 12-14]. This literature review also shows that in order to perform a high 
performance FOC with Hall Effect sensors, it is necessary to do some signal processing to the 
output of these sensors to increase their resolution. One author[17] interpolated two consecutive 
Hall Effect signals by using an estimated motor speed and additional hardware, while another 
[18] used the well-known mechanical motion equation for the observer for rotor position and this 
observer was reset every 60 degrees. Two authors [26, 27]  used intelligent power modules 
(IPM) for their studies because they have simple design and high reliability, but nobody 
mentioned it reduces the size of the system. Only one author [28] published a study concerning 
the miniaturization of LVAD controller however it is still too bulky to be portable. Finally, many 
of the authors used Texas instrument microcontrollers[14, 16, 24, 25, 28], and one author [25]  
proposed a different technique to program this microcontroller by using a Target support 
package;  however, he did not model the plant (the PMSM) and the FOC. 
 
Based on this literature review, it is seen that the motor test rig of this project has a stator at the 
bottom to achieve the rotation of the rotor the same as the directional axial gap motor bearing; 
However, the levitation of the motor test rig of this project is neglected by attaching a shaft to the 
rotor in order just to analyze the rotation of the rotor. It is also seen that the output of the Hall 
Effect sensors of this motor test rig requires further processing to enhance their resolution to 
achieve high performance FOC because they only offer six steps per electrical revolution. 
Finally, two Simulink toolboxes including embedded coder which is the new version of Target 
support Package and SimPowerSystems are used to model the motor and implement the FOC 
algorithm, where this motor algorithm is tested with two rotor position algorithms,  the improved 
and incremental theta algorithms, under zero and load conditions. 
 
 
 
10 
 
Chapter 3 
Motor background and mathematical model 
 
 
 
3.1 Introduction 
This chapter details the principles of operation of the Permanent Magnet Synchronous motors 
(PMSM), and their control algorithms, especially the field oriented control (FOC) algorithm 
which is chosen for this project. It also shows how FOC reassembles the behavior of the 
separately excited DC motor in order to control the torque and flux independently, through 
certain mathematical transformations including Park and Clarke [29], which can be represented 
with space vector theory. Finally, it explains the dynamics involved in the PMSM. 
 
3.2 Motor Background 
Generally, a motor has two principal parts: a stator and a rotor. The stator is made of laminations 
of insulated silicon-steel plates with windings inserted in their slots. For some motors such as a 
PMSM are arranged in a three phase connection such as star or delta. When an alternating 
current flows in the stator windings, a rotating magnetic field is created which makes the rotor 
rotate due to the magnetic interaction forces, where same poles repel each other and different 
ones attract each other.  
 
There are many types of rotors and when they are combined with the three-phase stator they 
make different types of motors. For example, the induction and the switched reluctance motors 
are asynchronous machines where the first one has a wound or squirrel cage rotor and the second 
one has an iron core rotor. The term asynchronous means that the rotor speed is lower than 
rotational speed of the magnetic field, and depends on the load that the rotor carries. The rotor of 
a permanent magnet synchronous motor (PMSM) is made of a permanent magnet. The term 
synchronous means that the rotor speed is the same as the rotational speed of the magnetic field.  
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This speed (RPM) is a function of the number of  poles per phase, and the frequency of the 
power supply[30]. It is given by: 
 
	"#		 =	 ∗&'                                                                     (3.1) 
Ns= synchronous speed in revolutions per minute (r.p.m) 
f= power supply frequency 
n =poles per phase 
 
This project studies the PMSM because of the configuration of the test rig. Its stator has four 
poles (n=4) per phase. The PMSM can be classified according to the position (surface or interior) 
of the permanent magnets on the rotor. They can vary from two to eight with alternate North (N) 
and South (S) poles.  The surface permanent magnet motor (SPM) has the permanent magnets 
attached to the rotor surface. This motor type is used for low speed applications due to the 
permanent magnets that can fly a part of the rotor. The interior permanent magnet (IPM) is the 
permanent magnet that is inside the rotor and it is suited for high-speed applications. The motor 
test rig of this project is a surface permanent magnet motor (SPM). Figure 4 shows these two 
types of rotors.  
 
 
 
Figure 4 - SPM (Surface Permanent Magnet) IPM (Interior Permanent Magnet) 
These types of permanent magnet synchronous motors can be controlled with two different 
control algorithms including scalar and Field Oriented Control (FOC) algorithm. Scalar control 
is one of the simplest motor control algorithms because it is made in an open loop and does not 
require a feedback loop. The main idea of this algorithm is to keep a constant V/Hz ratio through 
all speed ranges as the amplitude and frequency of the supplies voltages are controlled.  
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The drawback of this control algorithm is that it has poor dynamic performance and transient 
response time. On the other hand, Field oriented control has much better performance than scalar 
control because it eliminates all disadvantages from scalar control, and apart from controlling the 
amplitude and frequency of the supplied voltages, the angle can also be controlled . It means that 
the magnitude and the angle of the space vectors are controllable  [31]. For these reasons, Field 
oriented control will be studied. 
3.3 Field Oriented Control (FOC) 
The principle of the FOC algorithm is based on the behaviour of the separately excited DC 
motor. This type of DC motor like other DC motors consists of a stator and a rotor. The stator is 
stationary and it has permanent magnets and/or windings called field winding, while the rotor 
has a rotating armature which has a winding called armature winding. This motor is known as 
separately excited DC motor because the field winding is physically and electrically separate 
from the armature winding as shown in Figure 5. Having independent control of field and 
armature current allows controlling the torque and the flux independently. The armature current 
is supplied via brushes and a commutator, which are mechanically arranged in order to keep the 
flux from the rotor and the stator field orthogonal in order to have optimal torque over all speed 
range. 
 
Figure 5 - Separately excited DC motor 
A Permanent magnet synchronous motor is basically an inside-out DC motor because the 
armature windings are in the stator, while the rotor has the magnets. The idea of FOC algorithm 
is to imitate the separately excited DC motor by keeping the rotor flux orthogonal to the stator 
field in order to have an optimal torque over all time and control the torque and flux 
independently. However, PMSM does not have the same characteristic as separately excited DC 
motor, because torque and flux depend on each other. Therefore, some mathematical 
transformations are necessary to decouple these variables. 
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3.3.1 Field Oriented Control Overview 
 
Figure 6 - Field Oriented Control Overview 
FOC consists of representing the 3-phase currents (ia, ib ic) into a complex space vector Is , and 
then projecting it into a two orthogonal stationary reference frame. This transformation is called 
Clarke [29], and it provides two stationary variables (isα and isβ) which are time-varying 
quadrature currents. Then, the Park transformation converts the two orthogonal  stationary 
reference frames into two orthogonal rotating frames based on rotor flux position (() [29]. The 
Park transformation has the unique property of eliminating all time varying inductances due to 
rotor spinning from the voltage equations of the AC machine [32]. For steady state conditions, )   and )   are constant and can be controlled with two PI controllers. Isq is related to torque 
whereas Isd is related to flux. )*+, is set to zero in order to have a direct proportionality 
between torque and current. Having controlled these components, the inverse Park 
transformation converts the rotating reference frame back into stationary reference. This 
transformation provides two variables Vsαref and Vs βref, which are the components of a 
reference voltage vector. The Space Vector Modulation (SVM) determines the switching 
sequence of the upper three power transistors of an inverter, in this case a voltage source inverter 
(VSI). The idea of this technique is to approximate the reference voltage vector by a combination 
of eight switching patterns. The term approximate means that it makes the average output 
voltage of the inverter (in small period T) to be the same as the average of reference vector in the 
same period [33]. The following section shows the description of each block which is involved in 
FOC in more detail, but it is necessary to review the concept of space vector. 
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3.3.1.1 Space Vector 
The three phase voltages, currents and fluxes in an AC machine can be represented as a complex 
space vector. Assuming that, (ia, ib and ic) are the instantaneous currents in the stator phases, 
then the stator current phase space vector ( Is ) can be represented as 
 
Is = - + 		-/ +		-0                         (3.3) 
 
Where  = +1234  and   = +1534  which 
represent spatial operators. In the fig4, (a,b,c) 
represent the three phase system axes. 
 
  
 
Figure 7 - Stator current space vector [34] 
3.3.1.2 Clarke Transformation 
In this transformation, the stator current space vector (78) can be projected onto a two orthogonal 
stationary frame ( ) where phase (a) is arbitrary chosen to coincide with (). The equation and 
the new coordinate system of this transformation is illustrated below. 
 
Clarke equations ) = -                                           (3.4) 
) = √ - + √ -/                          (3.5) 
 
Where ) and )  are the components of the 
current space vector(78)	in stationary frame 
( ). 
 
     
Figure 8 - Clarke Transformation [34] 
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The idea behind Clark transformation is to separate the current space vector into real part which 
is associated with ()) and the imaginary part which is associated with () ), and refer them to 
stationary reference frame (α ,β). However, they still depend on time and speed so it is necessary 
to remove this dependency by using another transformation called Park transformation. 
 
3.3.1.3 Park Transformation and its inverse 
Park transformation converts a two orthogonal stationary frame into a two orthogonal rotating 
frame (d-q), where (d) is aligned with the rotor flux (Ѱ;). The equation and the new coordinate 
system of this transformation is illustrated below in Figure 9. 
 
 
Park equations 
) = )	 cos ( + 	) 	-(		     (3.6) ) = −)	 sin ( + ) 	 cos (    (3.7) 
 
Where (Isd) is the direct axis current 
component, (Isq) is the quadrature axis current 
component, and (() represents the rotor flux 
position and it is between  and d component. 
 
 
 
Figure 9 - Park Transformation [34] 
 
Inverse park equations *+, = *+,	 cos ( − *+,	-(		     (3.8)  *+, = *+,	 sin ( + *+,	 cos (      (3.9) 
 
Isd and Isq controls torque and flux respectively but they still depend on ) and )  
components and the rotor flux position((). By knowing the rotor flux position, by this 
projection, (Isd) and (Isq) become constants and can be controlled independently[34].  
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3.3.1.4 Space Vector Modulation (SVM) 
 
Space Vector Modulation (SVM) consists of translating the voltage reference vector, which is in 
(α, β frame), into an amount of time of commutations (ON/OFF) for each power switch from a 
three phase inverter. This technique generated less harmonic distortion in the output voltages/ 
currents from the windings in the motor and it more efficiently controls the use of the DC supply 
voltage. One of the most commonly used three phase inverters is called Voltage Source Inverter 
(VSI) and it is shown in Figure 10.  
 
              
Figure 10 - Voltage Source Inverter (VSI) 
The voltage source inverter consists of converting a DC voltage into AC voltage from a DC link. 
The VSI has three Upper Insulated Gate Bipolar Transistors (IGBT) (Sa Sb Sc) and three lower 
IGBT (Sa’ Sb’ Sc’) in each leg from the inverter. If for example, an upper switch is ON, the 
opposite switch needs to be OFF otherwise a short-circuit in the DC-link capacitor would occur 
or a voltage on each terminal would be undetermined [35]. The freewheeling diodes are used to 
provide an alternative path for the reactive load current. There are eight possible combinations of 
ON/OFF states from the three power switches, and they are shown with instantaneous line-line, 
phase voltages, in terms of the DC bus in the following table. 
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Table 2 - Switching patterns and their corresponding instantaneous voltages of the VSI [36] 
 
The relationship between the quadrature quantities in the (α, β) frame corresponding and the 
three phase voltages (VAN,VBN	VCN	) can be represented with the general Clarke transformation 
and it is given with the following matrix form. 
 
CVsαVsβD =  E1 −
 − 0 √ − √ G H
VANVBNVCNI                                             (3.10) Vsα	and		Vsβ  can only take a finite number of values because there are only eight combinations 
possible for the power switches. Therefore, the table below shows the corresponding values of Vsα	and		Vsβ according to the phase voltages (VAN,VBN	VCN	). 
 
 
Table 3 - Space vector and their (α, β) components [36] 
 Vsα	and		Vsβ  are called (α and β) components of the basic space vector corresponding to the 
appropriate command signals (Sa, Sb Sc).  
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The space vectors ( 0	and0	) are called null vectors because they do not produce any output 
in the motor terminals, where the other space vectors are called active vectors because they 
produce an output voltage. All vectors can be represented in a hexagon, where the null vectors 
are placed in the middle of it. This hexagon can be seen in the following figure 11. 
 
 
Figure 11 - Space vector representation 
 
 
 
Figure 12 -  reference vector (Uout) projected between two 
active vectors [36] 
 
 
From Figure 12, the stator reference voltage vector (Uout) which is (	and β) reference frame, is 
between two active vectors (L	and	L	). Each active vector has (	and β) components and they 
represent the reference vector Uout. The sum of α components of these vectors (L	and	L	)  is 
represented with ∑  , and the sum of β  components  of these vectors are represented with ∑  [36, 37]. From this part, Vsα, Vsβ	and	78 	  is equivalent to 	LNO&N	, LPQRN		LSR 
 ∑ =	(2/3)Vdc + (1/3)Vdc = Vdc        (3.11) 
∑ =	0 + (1/√3) Vdc = Vdc /√3        (3.12) 
 
As Uout is between two adjacent vectors, the application time of each adjacent vector is given by 
T=! + ! + !          (3.13) 
 LSR 	= UVU L	+  U4U L	          (3.13) 
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Where !and ! are the time which the vectors (L	and	L	) are applied within period T.  ! Is 
the time which the null vector is applied. The determination of time of !and ! is given by the 
following projection. 
LPQRN	 = U4U 	ǀ L	ǀsin 60         (3.14) 	LNO&N	 = UVU 	ǀ L	ǀ + U4U 	cos 60         (3.15) 
It is clear that from Table 3 and Figure 11, the magnitude of all space vectors is (2/3) Vdc, when 
it is normalized by maximum phase voltage (line to neutral) Vdc/√3, the magnitude of the space 
vectors become (2/√3 ). Therefore, the amount of time of each adjacent vector is 
! = U= 	 [(√3) 	LNO&N	 – LPQRN	  ]        (3.16) ! = T LPQRN	            (3.17) 	LNO&N and LPQRN also represent the normalized (	and β) components respect to the maximum phase 
voltage Vdc/√3 . The rest of time is spent applying the null vector To.  !  and !  can be expressed as 
an  fraction of T. 
t1 =   UVU= 	 [(√3)		LNO&N – LPQRN	 ]        (3.18) 
t2 =   U4U=	LPQRN	            (3.19)  
If the LSR  is now projected between the sectors L	and	L	 , then by knowing that the 
magnitude of these two vectors is 2/√3 (normalized with respect to Vdc/√3 ), t1 and t2 can be 
calculated as 
 
t1 =   U2U= 	 [-(√3) 	LNO&N+ LPQRN	  ]        (3.20) 
t2 =   U4U= [-(√3) 	LNO&N + LPQRN ]        (3.21) 
The amount of time application of the vectors can be related to the following variables 
X= LPQRN	            (3.22) 
 
Y= 	 [(√3) 	LNO&N+ LPQRN ]         (3.23) 
 
Z= 	 [-(√3) 	LNO&N + LPQRN ]         (3.24) 
 
Therefore, if LSR is in (L	and	L	) t1=-Z and t2=X whereas if LSR	is in (L	and	L	) t1=Z 
and T2=Y. The following table shows the relationship between these variables with the 
respective sectors. 
20 
 
 
 
Table 4 - Assignation of t1 and t2 for different sector in terms of X Y Z [36] 
It is necessary to know the sector where the reference vector is in order to apply the variables 
above, so 	LNO&N and LPQRN  are transformed into a balanced three phase quantities Vref1, Vref2, 
and Vref3.   
Vref1 = LPQRN           (3.25) 
Vref2=XYPQRNZYNO&N∗√               (3.26) 
Vref3= XYPQRNXYNO&N∗√          (3.27) 
This transformation projects LPQRN	into Vref1, which means that Vref1, Vref2 and Vref3 are 
phase advanced by 90. The following equations show (	and β) components and the reference 
voltages. 
 
 LNO&N= sin[\           (3.28)  LPQRN	 = cos[\          (3.29) *+,1= cos[\          (3.30) *+,2= cos([\ − 120)         (3.31) *+,3= cos([\ + 120)         (3.32) 
         
The sector can be determined with the following formula Sector = 4 ∗ c + 2 ∗ b + a		         (3.33) 
Based on the following conditions 
If *+,1 > 0  then a=1, else a=0 
If *+,2 > 0  then b=1, else b=0 
If *+,3 > 0  then c=1, else c=0 
Having identified the sector based on the equation (3.31) and the conditions, and time which the 
vectors are applied, the duty cycles can be calculated as follows 
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taon= 
efgehiXRXR           (3.34) 
tbon= taon+t1           (3.35) 
tcon =tbon+t1           (3.36) 
 
The sampling period T of this project is 50µs (20kHz) and it is established by setting the counter 
period to 3750 (PWMPRD=3750). taon, tbon and tcon are the duty cycles which are assigned to 
the right motor phase (Ta Tb Tc).  
 
The following table shows the relationship between duty cycles and the sectors. 
 
Table 5 - Assignation of duty cycles to the motor phases [36] 
 
 
3.4 Dynamic model 
A mathematical model is necessary to be made in order to simulate and control a permanent 
magnet synchronous motor (PMSM). It is well-known that machine equations from the abc 
phase variables to d-q variables makes all sinusoidal varying inductances in the abc frame to 
become constant in the d-q frame[38]. Therefore, PMSM is analyzed with d-q equivalent 
circuits. The following assumptions are necessary to be made: 
 
1. Saturations is neglected 
2. The inducted EMF is sinusoidal 
3. Eddy current and hysteresis losses are negligible 
 
The motor of this project is surface permanent magnet synchronous motor (SPMSM).  The 
magnets which are attached to the rotor are considered as air because the permeability of the 
magnets is close to the unity and the saliency is really small as result of the same width of the 
magnets. For this reason, the inductances expressed in quadrature coordinates are approximately 
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equal	(j ≈ j) [35]. Therefore, the voltage equations in d-q frame are given by the following 
equations. 
 
Voltage equations 
  = ;	) + Ѱ	 −l+Ѱ	            (3.37)                                                              = ;	) + Ѱ +l+Ѱ                            (3.38) 
 
Flux linkage Ѱ = j) + Ѱ	            (3.39) Ѱ = j)                                                                                                                          (3.40)                               
                                                                           
Where (Vds) and (Vqs) are dq-axis stator voltages, (Ids) and (Iqs)  are dq-axis stator currents, 
(Rs)  is the stator resistance, (Ѱ)		(Ѱ) are dq-axis stator flux linkages, () is a 
differential operator (d/dt),(	Ѱm)  is the  magnet mutual flux linkage; (j)		(j)  are dq- 
axis inductances. 
 
The equations (3.37) and (3.38) can be arranged, and they are given by 
  = )(; + j) + )jl+ +l+Ѱ	      (3.41)  = )(; + j) − m+j)                                           (3.42) 
 
The figure 13  represents the dynamic equivalent circuit of PMSM  based on the equations (3.41) 
and (3.42)[39]. 
 
 
Figure 13 - Equivalent circuit of PMSM 
 
The relationship between the electrical (ωe) and mechanical (ω) speed is given by [+ = n ∗ [                          (3.43) 
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where (p) is the number of pole pairs. 
The electrical torque can be calculated as: 
Te=	 n[(Ѱ	) + (j − j)))]       (3.44) 
  
And mechanical equation is given by 
 
Te=TL + J ρ ω + B ω           `              (3.45) 
      
where (TL) is load toque, (J) is rotor inertia and (B) is coefficient of friction 
 
Due to the motor of this project being a surface permanent synchronous motor, then (Ld ≈ Lq), 
therefore the electromechanical torque is given by  
 !+ = n(Ѱ	)) = q)                               (3.46) 
 
From eq (3.46) it can be seen that the Iqs component directly controls the torque since p and Ѱ	 
are constants. This torque equation is very similar to the separately excited Dc motor, where Iq  
is the armature current which controls the torque of the machine. 
 
3.5 Conclusions 
 
The aim of this chapter was to show the principle behind the permanent magnet synchronous 
motor (PMSM) and how the field oriented control (FOC) imitates the behavior of the separately 
excited DC motor in order to control the torque and a flux independently, which makes this 
motor control dynamically superior than scalar control. This chapter also showed an explanation 
how FOC works in a graphical way which can be seen in figure 6, and how each element of FOC 
plays a role in this motor control. Finally, it showed that by using the d-q equivalent circuits, the 
dynamical model of PMSM can be made. The following chapter shows a description of the 
components including the motor test rig, the embedded coder and DSP which are associated to 
this study for a better understanding.  
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Chapter 4 
Research platform 
 
4.1 Introduction 
This section describes the research elements which are involved in this project .The description 
of these elements including the motor test rig, the DSP architecture, and the relationship between 
this DSP and a toolbox called embedded coder, are essential to understand this project. It utilizes 
a methodology called rapid prototyping where the code of any prototype can be generated 
automatically without typing all code and avoiding mistakes. With this methodology, the 
engineer can focus on improving the algorithm rather than writing the code manually and so 
saving time. This approach requires Computer Aided Control System Design (CACSD) software 
in this case the Embedded coder mentioned above [40-43] and hardware including Digital Motor 
Controller (DMC550). 
 
4.2 Motor test rig 
The motor test rig consists of a surface 
permanent synchronous motor (PMSM) 
which has three phases namely A, B, and C 
which are displaced 120° spatially. Above 
these phases, there is a rotor, which is a 
permanent magnet which has eight 
Neodymium magnets. Between the motor 
and the rotor, there are three low resolution 
Hall Effect sensors, which detect the rotor 
position. The parameters of the motor can be 
seen in the appendix1. 
 
Figure 14 - Motor test rig specifications 
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4.2.1 Hall Effect Sensors  
Three Hall Effect sensors are used to detect the rotor position. The US1881 has been selected for 
this application. This device is a Hall Effect sensor latch which outputs a logical one ‘1’ when it 
detects a north pole  and it keeps its state until a south pole face it making it change the state to a 
logical zero ‘0’. The figure below shows that the three Hall Effect sensors are placed 120 
spatially in the motor, and eight Neodymium magnets are attached to the rotor which they trigger 
the Hall Effect sensors.  
 
        
Figure 15 - Hall Effect sensors placement and rotor 
If the rotor is rotated one quarter manually by turning the shaft, the three Hall Effect sensors will 
generate a different logic combination each 60° degrees based on the truth table which is shown 
below.  
Hc Hb Ha Theta (degrees) Theta (PU) 
0 0 1 0 0 
1 0 1 60 0.16 
1 0 0 120 0.33 
1 1 0 180 0.5 
0 1 0 240 0.66 
0 1 1 300 0.83 
Table 6 - Hall Effect sensors truth table 
 
If the rotor keeps rotating until one revolution, this table repeats four times, because there are 
four electrical cycles in one mechanical revolution. Also, the number of electrical cycles is equal 
to half of the number of poles from the rotor. Therefore, the rotor of this project has 8 poles so 
there are four electrical cycles in one mechanical revolution.  
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Instead of using theta degrees, it is necessary to represent theta degrees in the (p.u) system 
because the DMC libraries are based on (p.u) representation. According to the rotor position, 0 
represents 0° degrees whereas 1 represents 360° degrees. The picture 13 shows the Hall Effect 
sensors signals and the rotor position for one mechanical revolution.  
 
 
Figure 16 - Hall Effect signals and coarse theta 
From the figure above, it is seen that the three Hall Effect sensor                         
signals (Ha Hb Hc) are 120° apart, and the Hall signal (Hb) is synchronized with the rotor 
position.  It is also seen that there are four electrical cycles in one mechanical revolution. It also 
shows that the rotor position called the coarse theta algorithm in the Figure16 only has six steps 
per electrical cycle which is not enough to perform a high performance FOC so in the next 
chapter, the rotor position will be improved in order to generate sinusoidal waveforms to be 
controlled by the FOC algorithm.  
 
4.3 Embedded Codder 
The embedded coder is a Simulink toolbox which enables the designer to program a 
microcontroller or digital signal processor (DSP) in a visual and intuitive way. It generates C and 
C++ code for embedded processors in an efficient way. It has two libraries including Digital 
Motor Library (DMC) and IQmath which are special for motor control design. The DMC 
contains all high optimized functions including Park transformation, Clarke transformation, 
space vector modulation and PID controllers needed for the Field oriented control.   
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The numbers of these functions are represented in IQ (Integer, quotient) format, where the 
number of integers and fractional bits can be specified. This format is used for fixed-point 
processors in order to implement floating point algorithms. Both inputs and outputs of these 
DMC functions are signed 32 bit fixed point number with Q value between 1 and 29. In motor 
control algorithms, Q needs to be between 19 and 26 in order that the motor behaves in a stable 
manner [44]. From Q27 to Q31, there is not enough dynamic range while Q0 to Q18 present 
quantization problems as well as not enough dynamic range[45]. 
 
4.4 Digital signal processor 
Based on a study  which evaluates a group of  processors  to perform a vector control algorithm 
namely as Field Oriented control, it was found that the TMS320F2835 (DSP) is superior for 
implementing vector control than other processors [24]. Therefore, this project uses an eZdsp 
F28335 board in order to implement the FOC algorithm. This board has a TMS320F28335 DSP 
called Delfino™ , which offers many excellent characteristics. It has a 32 bit CPU with an inbuilt 
IEEE-754 single precision floating unit which improves the performance of the control 
algorithms. This feature will not be applicable for the high-optimized DCM functions but it will 
be usable for other routines including LCD and keypad for the motor controller.  The CPU has an 
8 stage pipeline structure which enables it to perform 8 instructions in one system clock period. 
This DSP has a Harvard architecture which means that the data and instructions are different 
memory banks. It means that each bank has its own data bus which makes this configuration 
faster than the Von Neumann architecture. One of the principal characteristics of this 
microcontroller is that it also has Direct Memory Access (DMA), where the data is transferred 
from one part of the DSP  to the another part without the interaction of the CPU, which increases 
the transmission speed. The DSP architecture can be seen in the appendix 2 [24].  
This DSP also has plenty of peripherals including a 16-channel 12-bit ADC module, ePWM and 
eQAP modules which are designed for motor control applications. It also has communications 
protocols such as I2C, SPI, SCI and CAN which interact with external devices such as LCD and 
Keypads.  This DSP has 96 interrupts which are managed by Peripheral interrupt expansion 
(PIE). Finally, it has a port called the joint test action group (JTAG) interface which allows the 
programmer to interact with the executing program in real time.  
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4.5 Relationship between DSP and Embedded coder 
 
This section shows the relationship between the DSP modules and the embedded coder for a 
better understanding of this study. These modules include clock, GPIO, ePWM, ADC and SPI. 
  
4.5.1 Clock module 
 
The DSP like all modern processors has an external low clock generator or oscillator to reduce 
electromagnetism interference. This board runs with an external oscillator of 30MHhz and its 
nomenclature is CLKIN which is shown in Fig14.  The internal speed is generated with an 
internal PLL circuit which can set the internal speed (SYSCLKOUT) from 15Mhz to 150Mhz 
through PLLCR and DiVSEL registers [46]. Due to, motor control algorithms require high 
speed, the maximum SYSCLKOUT (150Mhz) is chosen for this application and the toolbox 
configuration of this speed can be found in the appendix 2a.  
 
Figure 17 - DSP Clock Module 
 
4.5.2  Input/output ports 
 
The inputs and outputs of this DSP are grouped into GPIOA, GPIOB and GPIOC. The word 
GPIO stands for General Purpose Input Output. The DSP has 88 I/O pins which are not enough 
for all functions of this processor, so the solution is to multiplex each pin in order to have four 
functions per pin.  The programmer decides the function of each pin. It is worth mentioning that 
there is special function from GPIO0 to GPIO63 called input qualification, which acts as low 
pass filter in order to remove noise. Some pins are used for the PWM for the power electronics 
for the motor, other are used to connect a key pad in order to set a reference speed and others are 
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used for a LCD in order to visualize the reference and actual speed. The appendix 6 shows the 
pins which are used in this project and the appendix 3 shows the toolbox configuration. 
 
4.5.3  Enhanced Pulse Width Modulator (ePWM) Module 
 
The Enhanced Pulse Width Modulator is the key in controlling many power electronic devices. 
The term Enhanced refers to the complexity of PWM signals this module can generate with 
minimum CPU interaction. This DSP has six ePWM modules where each one can generate two 
output signals including ePWMxA and ePWMxB. Each ePWM module consists of six sub 
modules including time-base, compare logic, action qualifier, dead band unit, chopper and trip 
zone. The last two units are not used in this project. Figure 18 shows the diagram of all sub 
modules. 
 
Figure 18 - ePWM Module 
 
4.5.3.1 Time Base Submodule 
 
The function of this sub module is event timing for its own ePWM module. The main unit of this 
sub module is a 16-bit counter (TBCTR) with signal (SYSCLKOUT) as its time base. This 
frequency can be reduced through clock prescaler by setting values for CLKDIV and 
HPSCLKDIV. The register (TBPRD) which is seen in figure 15, defines the time base period of 
the counter base on three counting modes such as up-mode, down mode and up-down mode.  
In the first mode, the counter (TBCTR) goes from 0 to the value of TBPRD while the second 
mode the counter goes from the value of TBPRD to zero. Both of them generate asymmetrical 
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waveform. In the last mode, the counter increases from 0 to be equal to the TBPRD and then 
turns the direction to go down back to zero to finish a count period. Figure 19 shows the 
counting modes. 
 
 
Figure 19 - PWM Counting Modes 
 
For this application, the up-down mode is used, and the time base period (TBPRD) for this mode 
is calculated with the equation (4.1) based on a PWM frequency. This is  between  (10Khz and 
20Khz)[47]  in motor control applications, where 20Khz is chosen for this project.  
 
 
                                 !r;s =  tutvwxyYU&z{|∗vwxi}~∗tevwxi}~ = g∗x∗∗ = 3750                       (4.1) 
 
 
Appendix 3, shows how to configure the parameter including TPBRT, CLKDIC , HPSCKDIV 
and the counting mode in the PWM block from the toolbox. 
 
 4.5.3.2  Compare Logic Submodule 
 
The compare logic module consists of comparing a value (carrier wave) which is stored in the 
counter (TBCTR) with a reference wave which is stored into two counters compare A and B. 
However, in this project, it is only necessary to use one counter compared in this case A. When 
the counter (TBCTR) increments and is equal to CMPA, an action occurs and then when TBCR 
decrements and reaches CMPA again, other action occurs. The types of actions are described in 
the following section. 
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Figure 20 - ePWM Module 
 
 
4.5.3.3  Action Qualifier Submodule 
 
The action qualifier submodule is responsible to take actions based on the following events: 
TBCTR=0, TBCTR= TBPRD, TBCTR=CMPA and TBCTR=CMPB. These actions are to set 
high, low, toggle or to do nothing the PWM signal which means that this submodule controls the 
behavior of the PWM signal. To get the same PWM waveform from the fig. which is proposed 
for three phase system, it is necessary that when TBCTR decrement and it is equal to CMPA, set 
the ePWMxA high and when the TBCR decrement and it is equal to CMPA again, set the 
ePWMxA low. The configuration of these actions in the PWM block is shown in the appendix3.   
 
4.5.3.4  Deadband Submodule 
 
In order to utilize an inverter to drive the PMSM from a DC source, each leg of the inverter 
needs to be fed by a pair of mutual complementary PWM signals in order to avoid short-circuit 
from the upper and lower switch. This module is in charge of generating two complementary 
signals ePWMxA and ePWMxB from a single input ePWMxA. This pair can be configured in 
several modes, but there is one mode called Active High complementary which is used for a 3-
Phase motor system[46]  
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Figure 21 - ePWM Modes 
Between each pair, it is necessary to insert two delays including Rising Edge Delay (RED) and 
Falling Edge Delay (FED). In this project, fed and red  are set to 800ns for the DMC550 as they 
are specified in their datasheet. They are calculated in the following manner  
 ; = !!rj ∗ r;  = !!rj ∗ r 
Where !!rj = !0q\ ∗ j) ∗ sj) 
 
!0q\ = 1,0q\ = 1150ℎ = 6.6 
 j) = sj) = 1	 
 
RED and FED for the DMC550 
 
				r; = ;!!rj = 8006.6 = 121 
 
					r = !!rj = 8006.6 = 121 
 
The configurations of DBRED and DBFED are shown in appendix3. 
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4.5.3.5  Event Trigger Module 
This module receives input events from the time-base and counter compare sub modules to 
trigger an action such as the start of the ADC conversion. It is recommended to select the 
TBCR=0 as input event to start the ADC conversion in order to avoid aliasing from the current 
ripple. See appendix 3, in order to see this how this block is configured. 
 
4.5.4 Hardware interrupt 
Interrupts are asynchronous events generated by external or internal events. It means that while 
the main program is running, a sudden event interrupts the flow of the main program in order to 
do specific tasks and then returns when it was invoked. The DSP core has 16 interrupt lines of 
which two of them are non-maskable and the rest of them are maskable.  The word maskable 
means that the programmer is able to enable or disable interrupts interrupt lines by setting ones 
and zeros into a register (IER).  However, these makeable lines are not enough for the 96 sources 
of interrupts which has the F28335, so there is a peripheral interrupts expansion which solved 
this issue by multiplexing the numerous sources of interrupt with the 14 maskable lines.  
 
 
Figure 22 - Peripheral interrupt expansion (PIE) 
 
The embedded coder has some blocks including ADC, CAN, SCI receive – transmit and SPI 
receive – transmit which generate interrupts. For this project, the FOC is executed in an Interrupt 
routine, where the PWM clock triggers the ADC once counter =0, which means that at the start 
of a new PWM period.  
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This interrupt is very important because all functions from field oriented control algorithm are 
executed in this routine periodically, and the idea of the routine is to update the stator reference 
voltage in order to regulate the currents as well as the mechanical speed of the motor. 
 
4.6 Conclusions 
The aim of this chapter was to show the components including the motor test rig, the digital 
signal processor architecture (TMS320F2835), and the relationship between the DSP and the 
embedded coder of this study for a better understanding. It was seen that the motor from the test 
rig had a surface permanent magnet synchronous motor which had three low-resolution hall 
effect sensors as position sensor which its output (rotor position) has only an accuracy of six 
steps in one electrical cycle which is not enough for the FOC because FOC is based on 
controlling sinusoidal currents as the inputs, so for this reason an improvement of the low- hall 
effect sensor algorithm  is made in order to get a better resolution  in the following chapter. In 
the next chapter, a PMSM and FOC model  is made based on two rotor positions including hall 
effect signals for the improved rotor position algorithm  and a rotor angle for a high position 
sensor such us an incremental encoder algorithm. Having two rotor positions, it is possible to 
compare not only the accuracy of the rotor position but also the speed and currents responses and 
power consumption between the low-position sensor against high-position sensor and determine 
if these low position sensors could be behave the same as the high position sensor based on the 
improvement of the low-resolution hall effect sensors algorithm. 
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Chapter 5 
PMSM and FOC simulation 
 
5.1 Aims 
The aim of this chapter is to model and simulate the motor from the test rig and the field oriented 
control algorithm with two Simulink toolboxes including SimPowerSystems and embedded 
coder respectively. Since the motor test rig has low-resolution Hall Effect sensors, this study will 
propose an improved theta algorithm in order to enhance the resolution of these positions sensors 
in order to perform the high performance FOC algorithm. This improved  algorithm is then 
compared with an incremental encoder  theta algorithm  in order to check the performance of the 
system in terms of the following characteristics including speed response, currents (Id, Iq) 
response, current waveforms, power consumption under zero and load conditions. Based on 
these comparisons, some conclusions can be made such us if the improved theta algorithm is 
suitable to obtain an accurate rotor position from the Hall Effect sensors for a blood pump 
compared to a  the high position incremental encoder. 
 
5.2 PMSM AND FOC Simulation model 
A Simulink model of a permanent magnet synchronous motor and a Field Oriented Control was 
modified in order to meet the requirements for the motor from the test rig [48].  In this model, 
the motor parameters and speed range were changed based on the specifications of the motor 
from the test rig (appendix1). The incremental encoder algorithm which was designed for this 
model was kept in order to compare it with the improved theta algorithm based on the Hall 
Effect sensors which is proposed by this study. A power consumption block was added to the 
model in order to calculate the power consumption of the motor and see the effect which has the 
rotor position algorithms on the power consumption. The modified model can be divided into 
two stages: Plant and field oriented control design. 
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5.2.1 PMSM plant 
 
The PMSM plant which is shown in Figure.23 consists of a permanent magnet synchronous 
machine block where the parameters of the motor, the outputs (rotor angle, currents and Hall 
Effect sensors signals) and input (external torque) can be specified in this block. They can be 
seen in the appendix 1.  The PMSM plant has a power system block which has a generic three 
phase inverter where its inputs are duty cycles for the three arms of the inverter, and the power 
consumption block.  
 
Figure 23 - PMSM plant 
5.2.2 Proposed Field Oriented control algorithm  
 
The Field oriented control algorithm is chosen for controlling the motor test rig for its excellent 
dynamic performance by imitating the behaviour of the separately excited DC motor. The FOC 
algorithm consists of sensing two stator currents (Ia, Ib) from the PMSM_PLANT and then 
transformed into (Ds) and (Ds) though Clark and Park transformations according to the figure 
24. There is no need to sense the third current (Ic) because the sum of all of them is equal to zero 
[30]. The Park and Inverse Park transformations require the position of the rotor (theta), which is 
obtained by processing the Hall Effect sensors signals. There are two theta algorithms including 
the coarse and improved theta which are based on the Hall Effect sensors in this FOC algorithm.  
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The first one provides six steps in one electrical revolution which does not provide enough 
resolution for a high performance FOC algorithm while the improved one can give a continuous 
rotor position by processing the hall signals further. The improved one is then evaluated against a 
high position sensor such us incremental encoder algorithm in order to compare its accuracy, 
speed, current response and power consumption.   
The rotor speed is obtained by acquiring the time between two consecutive edges from the Hall 
Effect sensors and divided by its reciprocal and then converting into rad/s. This speed (rad/s) is 
then converted in (p.u) representation due to the DMC blocks are designed for this type of 
representation. Then this measured speed (p.u) is compared with the reference speed (p.u) to 
obtain an error which will be corrected by outer PI speed controller which its output is the 
demand torque (Iqref). There are other two PI controllers which are used to control current 
components (Iq, Id) where the direct current (Id) is equal to zero to have a direct proportionality 
between the torque and the current. Iq will grow if the motor demands more torque otherwise it 
will be decrease if it need less.  
The outputs of these two PI current controllers are transformed from the rotating frame (d q) to 
the stationary frame (a b c) back through inverse park transformation where its outputs are the 
components of a reference voltage vector which are fed to space Vector generator. This 
technique is used to generate the voltages for the stator phases by switching the three upper 
switches. A Multiport switch can be seen in the picture 24 in order to select one of these rotor 
position algorithms in order to check the performance of the system of each one of them. The 
following section shows the theta-speed calculator which has the speed calculator, the coarse, 
improved and incremental encoder theta algorithms, PI speed controller, PI current controller 
blocks in detail while the rest of the algorithm can be found in the appendix5 
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Figure 24 - Proposed Field Oriented algorithm 
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.  
5.2.2.1 Coarse theta algorithm 
The PMSM_PLANT is configured to provide two types of rotor position signals including the 
three Hall Effect sensor signals (Ha, Hb, Hc) which are used to make the coarse and improved 
theta algorithms, and a rotor angle for the incremental encoder theta algorithm. The figure below 
shows the coarse theta algorithm. 
 
Figure 25 - Coarse theta algorithm 
The three Hall Effect sensor signals are fed to the truth table mentioned in the last chapter to 
obtain the rotor position. In this table, 0 represents 0° degrees while 0.83 (5/6) represents 300° 
degrees. The following pictures show truth table algorithm, the Hall Effect signals inputs and the 
rotor position (theta) at 1000 RPM. 
 
Figure 26 - Truth Table algorithm 
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Figure 27 - Hall Effect sensor signals and the coarse theta algorithm 
 
From figure27, it is seen that Hb signal is synchronized with the rotor position (theta) which is 
the output of the coarse algorithm. The coarse term refers that this algorithm only provides six 
steps per electrical cycle, which means that only an accuracy of 60 electrical degrees can be 
achieved. Because of this, the rotor position based on this algorithm is not able to generate 
sinusoidal currents in the motor, so it is necessary to improve the resolution of this position 
algorithm to achieve an excellent system response with FOC algorithm based on the low 
resolution Hall Effect sensors. The figure below shows the stator currents produced with this 
algorithm.  
 
Figure 28 - Stator currents based on the coarse theta algorithm 
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5.2.2.2 Improved theta and speed algorithm 
The idea of this algorithm is to integrate the actual speed and reset an integrator every electrical 
cycle in order to obtain a continuous rotor position. This algorithm has three subsystems 
including speed, speed conversion and integrator subsystems, which are shown in the figure 29. 
The first one calculates the period of each Hall Effect sensor signal between two consecutive 
rising edges in order to obtain the frequency, and then it is converted into rad/s to calculate the 
speed of the rotor. This speed subsystem is shown in the appendix 4. 
 
Figure 29 - Improved theta and speed subsystems 
The speed conversion block converts the speed (rad/s) into speed in (p.u.) representation and 
RPM. The Speed (p.u.) is based on the equation (5.1) [37] , and the implementation of this 
subsystem is shown in the appendix4: 
 
	(n. . ) = gQN'NO	#zQQ{PN#Q =	gQN'NO	#zQQ∗∗& = |QN'NO	#zQQ∗∗ = |QN'NO	#zQQ  (5.1) 
Therefore, if the mechanical speed reaches the maximum speed 1700 rad/s, then the speed in 
(p.u)  is 1 which is equivalent in (RPM)  to 
	(;s) = 1700 ∗ 	  2∗3 = 4050                 (5.2) 
As mentioned before, the idea of the integrator block is to integrate the actual speed in order to 
obtain the improved rotor position based on coarse theta algorithm. The following picture shows 
the integrator subsystem.  
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Figure 30 - Integrator subsystem 
The inputs of this subsystem are the actual and reference speed which are denoted in the 
integrator subsystem as speed (PU) and speed (cte) respectively. The last input of this subsystem 
is theta (zero order) which comes from the coarse theta algorithm. The element principal of this 
algorithm is an integrator which integrates the actual speed (speed PU) until it is reset by control 
signal (theta (zero order)) when it falls down, which means at every electrical cycle. This control 
signal also sets the initial condition for the integrator. Due to the fact that the amplitude of the 
output of this algorithm (angle) varies with the actual speed, a lookup table is used to set a gain 
for the integrator at a certain speed (p.u.). The graph of the lookup table is shown below, where 
0.5 represents 2025 RPM and 1 represents 4050 RPM. 
 
Figure 31 - Look-up table dynamic 
The incremental algorithm[48] is used and compared it against the improved theta algorithm to 
check its accuracy. The rotor position signals are shown in the figure below when the motor runs 
at 1000 RPM which is equivalent to 0.2461 in (p.u) representation. 
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Figure 32 – Coarse, improved and incremental encoder theta algorithms 
The graph at the top belongs to the incremental encoder algorithm which has 1.5 bias in order to 
compare it with the improved theta algorithm which at the bottom. Both of them have a coarse 
algorithm as reference. Although the improved algorithm has the same accuracy almost over all 
time, it is not accurate at the stating up of the motor which is before 0.1 seconds. The following 
pictures show the stator currents which are generated with the incremental encoder and improved 
theta algorithms.    
 
Figure 33 - Stator currents based on the incremental encoder theta algorithm 
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Figure 34 - Stator currents based on the improved theta algorithm 
From the figures 33 and 34, it is seen that incremental encoder algorithm produce an excellent 
sinusoidal currents without any distortion whereas the improved one does the same patterns after 
0.1sec. Before this, the currents are distorted because of the inaccuracy of the improve theta 
algorithm at the stating up of the motor which is related to the machine dynamics. The improved 
theta algorithm assumes constant speed in every step same as in the previous step in the electrical 
cycle, which results in neglecting the acceleration and/or the deceleration of the motor. Although 
the beginning of the improved theta algorithm is not appropriate, it is able to generate sinusoidal 
waveforms rather than the coarse theta algorithm which was seen the section 5.2.3.2.     
5.2.2.3 PI speed and current controllers  
It is known that a PID (proportional-integral derivative) controller is generally used in 
controlling process signals, for this case, the rotor speed and Iq and Id currents. The PID 
controller calculates the difference between a reference value and a measured value and attempt 
to minimize the difference. In this case for the speed controller, the reference value is ref speed 
(PU) while speed (PU) is the measured value according to the figure 35. In case for the PI 
current controllers, Idref is equal to zero while Iqref   is the demand torque which comes from 
the output from the speed controller which is shown in figure 36. The measured Id and Id values 
are obtained from inverse park transformation. The DMC library has a PID controller with anti-
winup correction, which is configured as PI controller which is normally used in digital motor 
control. This anti-windup correction turns off the integral action when the actuator saturates[49].  
An overview of the PID controller from the DMC can be found in the appendix5.  
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Figure 35 - PI Speed and current controllers block 
 
 
Figure 36 - PI Speed and current controllers block 
The gains of this PI speed controller are P=0.43 I=0.3, while for the PI current controllers are 
P=0.45 I=0.045 and the integral correction =0.045. The (p.u) representation of the current is 
given by the equation (5.3) which is based on the nominal current of the motor from the test rig 
which is 2.5A. 
                                        )	(n. . ) = }}PN#Q = }}'|'NO∗√= }.∗√ = }.                           (5.3) 
Finally, a rate transmission block can be seen in the figure 35 because the speed loop runs slower 
than the current loop. This is due to the mechanical system is slower than the electrical system.  
5.3 PMSM AND FOC simulation of the proposed algorithm 
The idea of this simulation is to check the performance of the system in terms of speed, currents 
response and power consumption under zero and load conditions based on the improved and the 
incremental encoder theta algorithms in order to see if the improved algorithm is suitable to 
obtain a continuous rotor position for a motor for a blood pump based on the low-resolution Hall 
Effect sensors.  
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5.3.1 Speed response at zero load 
The motor was run from 1000 to 4000 RPM and then back to 1000 RPM through steps in speed 
according to the figure 37. It is seen that the motor has the same speed response based on the 
improved and incremental encoder theta algorithms, except for the overshoot which has the 
speed response at the staring up of the motor when it runs with the improved theta algorithm. 
This is due to the inaccuracy of this algorithm at starting up which is related to machine 
dynamics. 
 
Figure 37 - Speed response based the improved and incremental encoder theta algorithms 
 
Figure 38 shows the rotor positions (theta) which are generated by the improved and incremental 
encoder theta algorithms and the figure 39 shows theta error which is obtained by the difference 
between the incremental encoder and the improved theta algorithms. The biggest error in the 
improved theta algorithm appears at the starting up of the motor which can be seen in the figure 
38. This error is repeated in a minor scale in every speed transition in this figure and it cannot be 
noticed very easily in the figure 38. In the figure39, there is one error which is related to the 
misaligning of the incremental encoder against the coarse theta algorithm. The minus one error 
occurs when the incremental encoder is zero and the improved algorithm is one which can be 
seen in the figure 40. However this error does not generates any negative effect in the following 
simulations which can be seen in this chapter. In order to compare the rotor positions clearly, 
some bias including +1.5 for the incremental encoder theta algorithm figure 38 and 40 and -0.5 
for the figure 40 for the incremental encoder theta error are used. 
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Figure 38 - Theta based the improved and incremental encoder theta algorithms 
 
 
Figure 39 - Theta error 
 
 
Figure 40 - Theta error from the incremental encoder 
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5.3.2  Iq current response 
 
 
Figure 41 - Iq response based improved and incremental encoder theta algorithms under zero load 
From the figure 41, it is seen that the Iq (measured) tracks the Iq (ref) in both algorithms very 
accurately. In this picture, some transients can be seen in the Iq response which are the result 
from the acceleration and deceleration of the motor. The highest Iq (measured) was 1.28A at 
4000 RPM whereas Iq (measured) was 0.35A at 1000 RPM in both algorithms. Iq measured 
(improved) was affected by the inaccuracy of the rotor position at the starting up of the motor at 
0.1s.  
5.3.3 Id current response 
 
Figure 42 - Iq response based improved and incremental encoder theta algorithms under zero load 
 
According to the figure 42, Id response has transients due to the speed changes in the motor. Id 
(measured) follows the Id ref which is set to 0 to have a direct proportionality between the torque 
and current. 
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5.3.4 Stator currents 
 
 
Figure 43 - Stator currents based on the improved theta algorithms under zero load 
 
Figure 44 - Stator currents based on the incremental encoder theta algorithm under zero load 
Not only the incremental encoder but also the improved theta algorithm generated sinusoidal 
currents which can be seen in figures 43-44 during the simulation. All stator currents had the 
same amplitude in all speed steps in both algorithms. The stator currents were 0.34A and 1A 
when the motor run at 1000 and 3000 RPM respectively.  However, some oscillations can be 
seen in the stator currents at 4000 RPM in the figure 43 when the improved theta algorithm was 
used. This is the reason why the Iq and Id response had a lot of noise when the motor is run at 
4000 RPM. 
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5.3.5 Stator voltages 
 
Figure 45 - Stator voltages based on the improved theta algorithm under zero load 
 
Figure 46 - Stator voltages based on the incremental encoder theta algorithm under zero load 
It is seen that the voltage based line is Vcc/2 = 12V in the figures 45 and 46, where the stator 
voltage produced by both algorithms were the same except for the voltage distortion at the 
staring up of the motor when it was used with the improved theta algorithm. When the motor run 
at 4000 RPM, the maximum voltage was 20v while at 1000 RPM, it was 14.08v for both 
algorithms. 
5.3.6 Motor power consumption 
 
Figure 47 - Motor Power consumption under zero load 
The motor had the same power consumption in each speed step with both algorithms during the 
simulation. The power consumption was 1.16 watts at 1000 RPM while it was 18.2 watts at 4000 
RPM which is the maximum speed the motor can achieved.  
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5.4 Speed response with external load torques 
The idea of this part of the simulation is to see how the FOC algorithm reacts after being applied 
three load disturbances when the motor runs from 2500 to 3500 RPM, in steps of 500 RPM. 
Based on the figures 48 and 49, two external torques (0.006N.m  , 0.012N.m) are applied at 2500 
and 3000 RPM and it is seen that FOC algorithm rejects the disturbances with both rotor position 
algorithms including the incremental and improved ones, but it has much better response when it 
uses the incremental encoder theta algorithm rather than the improved one. In figure 48, an 
overshoot can be seen which is related to the starting up of the motor.  
Finally, a third external torque is applied but with different magnitude for each rotor position 
algorithm when the motor runs at 3500 RPM. In the case of the incremental encoder theta 
algorithm, the FOC could reject a disturbance of (0.032 Nm) whereas the improved theta 
algorithm could only handle (0.02Nm). This poor rejection from the improved one is due to the 
acceleration of the motor. When the motor accelerates or decelerates, a velocity estimate based 
on two previous sensed positions will be inaccurate. The improved algorithm linearly 
extrapolates the calculated velocity for rotor position estimation. Linear interpolation will be in 
error and the control algorithm (improved) fails as observed for torque disturbance above 
0.02Nm. It is for this reason that the applied external torque for the improved theta algorithm is 
lower than the incremental one. 
 
Figure 48- Speed response based the improved and incremental encoder theta algorithms 
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Figure 49 - External torque based the improved and incremental encoder theta algorithms 
Figure 50 shows the rotor positions generated by the improved and incremental encoder theta 
algorithms and figure 51 shows the errors related to the starting up of the motor and the three 
external torques applied to the motor. The more significant error from figure 51 is associated 
with the starting up of the motor which is slightly bigger than the error in figure 39 because the 
reference speed is higher.  
 
Figure 50 - Coarse, improved and incremental encoder theta algorithms under load conditions 
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Figure 51 - Theta error based the improved and incremental encoder theta algorithms under load conditions 
5.4 .1 Iq current response 
 
Figure 52 - Iq response based improved and incremental encoder theta algorithms under load conditions 
 
 
Figure 53 - Iq response based improved and incremental encoder theta algorithms under load conditions 
 
It is seen how the Iq (measured) tacks the Iq reference accurately in both algorithms. To be more 
precisely, a percentage difference between the Iq (measured) between improved and incremental 
encoder rotor position was shown in figures 54 and 55. 
54 
 
 
 
Figure 54 - Percentage difference between the Iq from the improved and incremental encoder theta 
algorithms under load conditions 
 
 
Figure 55 - Percentage difference between the Iq from the improved and incremental encoder theta 
algorithms under load conditions from 0.1 to 3 sec 
 
Overall, the percentage difference between Iq (measured) of both rotor positions is 5% from 
0.1sec to 2.1sec which makes Iq (measured) be similar in both rotor positions algorithms. After 
2.1 sec, the percentage difference is bigger because T3 is different for the incremental and 
improved rotor position algorithms. Before 0.1sec, the percentage difference is large because the 
difference of both variables is bigger than the average value of these variables, which is the 
product of the inaccuracy of the starting up of the improved theta algorithm at the beginning of 
the simulation.  
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In order to validate the correctness of the simulation, the equation of the torque (3.46) from the 
mathematical model is used. In this equation, (	Ѱm) and (P) are the magnet mutual flux linkage 
(0.004755) and the pole pairs (4) which are specified in the motor specifications (appendix 1), 
and Iq which is the quadrature current from the figure 53. 
!1 =  n(Ѱ	)) =  ∗ 4 ∗ (0.004755) ∗ (1.06 − 0.83) = 	0.0065	".	    (5.4) 
T2 = n(Ѱ	)) =  ∗ 4 ∗ (0.004755) ∗ (1.47 − 1.23) = 	0.0065 + !1 = 0.013N.m   (5.5) 
T3 (improved)  
T3 = n(Ѱ	)) =  ∗ 4 ∗ (0.004755) ∗ (1.95 − 1.63) = 	0.0091".	 + !2 = 0.022".	  (5.6) 
T3 (incremental)  
!3 =  n(Ѱ	)) =  ∗ 4 ∗ (0.004755) ∗ (2.45 − 1.63) = 	0.023".	 + !2	 = 0.033".	  (5.7) 
Therefore, it is proved that the calculations of the torques above (T1, T2 and T3) are nearly equal 
to the torques which are applied to the simulation which can be seen in figure 49. 
5.4.2 Id current response 
 
Figure 56 - Iq response based improved and incremental encoder theta algorithms under load conditions 
From the figure 56, Id (measured) is remained to zero even though the changes in speed hence 
the torque. Once again, the starting up of the improved theta algorithm generated a considerable 
distortion in Id current at the beginning of the simulation. 
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5.4 .3 Stator currents 
It is seen that from the figures 57  and 58  that the stator currents change the amplitude according 
the speed and torque in both algorithms with the same proportion except, when T3 is applied 
because T3 is different for both algorithms so the currents. Based on figure 57, three current 
spikes can be observed which is the result of application of the three torques at different times.  
 
Figure 57 - Stator currents based improved theta algorithm under load conditions 
 
 
Figure 58 - Stator currents based on the incremental encoder theta algorithm under load conditions 
5.4.4 Stator voltages 
It is seen that from the figures 59 and 60, the voltage baseline is 12v where the maximum voltage 
under T3 external torque was 22.04v higher than the incremental one which was 20.99V. At T2, 
the maximum voltages for improved and incremental were 19v whereas for T1 was 17.39v for 
both algorithms due to the T1 and T2 were equal for both algorithms, 
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Figure 59 - Stator voltages based on the improved theta algorithm under load conditions  
 
Figure 60 - Stator voltages based on the incremental encoder theta algorithm under load conditions 
 
5.4.5 Motor power consumption 
 
Figure 61 - Motor Power consumption under zero load 
  
Overall, the power consumption in the motor was the same before applying the third external 
torque which has different magnitude for both algorithms.  
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The motor consumed 38.39 watts when it used the incremental encoder at 0.032N.m whereas it 
had 27.29watts when it used the improved one at 0.02 N.m. It is clear that the more torque the 
more current hence the more power consumption. The negative power in the motor is due to the 
distortion of the stator currents at starting up. 
5.6 Discussion  
Overall, the proposed simulation of the PMSM and FOC algorithm which was one of the 
objectives of this study was successfully where the direct current (Id) and quadrature current (Iq) 
were controlled independently the same as the behaviour of the separately excited DC motor. It 
was also seen that the stator currents were sinusoidal as a result of the improvement of Hall 
Effect sensor algorithm which was the second objective of this study. Although these objectives 
were achieved, it was observed that the theta error which is the difference between the improved 
and incremental encoder theta algorithms was large at the starting up of the motor under zero and 
load conditions. The theta error not only was small when there was a transition of speed but also 
when the external load torques were applied under zero and load conditions. 
Based on the speed response under zero load conditions, theta error was large at starting up of 
the motor which was the product of the machine dynamics. As mentioned before, the improve 
theta algorithm assumes the same as it was measured in the previous stage, something which is 
not true because the motor accelerates and decelerates. In order to tackle this issue, it is 
necessary to take the acceleration of the motor into account in the improved algorithm. In the 
simulation, it also was seen that the resolution of the improved theta algorithm is inversely 
proportional to speed, where in figure 43, the stator currents presented oscillations at 4000 RPM 
whereas at 1000 RPM, these oscillations were not presented. Finally, the improved algorithm had 
the same power consumption effect as the incremental encoder in the motor under zero load.  
According to speed response under load conditions, the speed controller worked properly as 
expected, however there were four theta errors which are associated to the dynamic of the motor 
which can be seen in figure 51, where the first one is the largest one and it is associated with the 
starting up of the motor and the other three are associated when the three external torques were 
applied. These theta errors represent the inaccuracy of the improved theta algorithm and this 
generates distortion in the stator currents hence (Id and Iq). Poor torque rejection was found 
when the motor ran based on the improved theta algorithm under load condition at external loads 
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more than (0.02 N.m).  This issue of  the improved algorithm was because when the motor 
accelerates and/ or decelerates,  the velocity estimation between two previous positions will be 
not accurate which has an effect in the rotor position calculation which leads to poor torque 
rejection.  Finally, the correctness of the simulation was validated based on the section  5.4 .1, 
and the power consumption of both algorithms was equal before the third load torque, because 
T1 and T2 were equal for both algorithms. After the application of T3, the power consumption 
was different for both algorithms because T3 was different for both algorithms hence the power 
consumption.  
 
Based on these simulations, it was found that the speed range of this motor controller were 
between 1000 to 4000 RPM which is suitable for most rotary blood pumps according to table 1 
from the literature review and the power consumption of this motor was under 20 watts which is 
within the power range of these rotary blood pumps. However, if the Hall Effect sensors are used 
for a rotary blood pump based on the improved rotor position, it is necessary to improve the 
starting up of the motor and the currents spikes which are generated when the external loads are 
applied to the motor. 
 
5.5 Conclusions 
The aim of this chapter was to model and simulate the PMSM from the test rig and FOC 
algorithm. As the PMSM used low resolution Hall Effect sensors, an algorithm was used to 
improve the resolution of theses sensors making nearly equal to the rotor accuracy,  speed and 
current response and power consumption performance when incremental encoder is used with 
the motor according to the simulations of these chapter. Although, the both of them have nearly 
the same response, when the motor run based on Hall Effect sensors with the improved rotor 
position algorithm, a distortion in the stator currents occurs when the motor starts up and when 
an external torque is applied. This is because the improved rotor position algorithm assumes the 
speed constant in every step in the electrical cycle same as the previous step which neglects the 
acceleration and desolation of the motor. In the following chapter, this FOC algorithm will be 
implemented into the DSP in order to validate the system. 
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Chapter 6 
Hardware Implementation of the motor controller 
 
6.1 Introduction 
The aim of this chapter is to implement the proposed Field oriented control (FOC) algorithm 
from the last chapter into the Digital signal processor (DSP) to control the Permanent magnet 
synchronous motor from the test rig. The rotor position will be acquired via the Hall Effect 
sensors based on coarse and the improved theta algorithms which are also called coarse and 
improved rotor positions in this chapter. The incremental encoder algorithm will not be used 
because it only was used in the simulation to validate the improved algorithm. In the hardware, 
speed, current response and power consumption will be recorded to validate the system. 
6.2 Proposed FOC algorithm and Hardware 
It is clear that the objective of the PMSM plant block which can be observed in figure 24 in the 
last chapter was used to model the PMSM from the test rig in order to be controlled by FOC 
algorithm in the simulation. Now, this block is not necessary because the FOC algorithm will 
control the real PMSM. In the figure 62, it is seen that the PMSM plant was deleted and some 
new blocks including a LCD, keypad, ADC and GPIO block are added. The first and second one 
are used to set the reference speed and monitor the actual speed respectively. The ADC block 
will be used to sense the two stator currents (Ia, Ib) from the motor test rig whereas the GPIO 
block will be used to sense the three Hall Effect sensors (Ha Hb Hc). In this algorithm, the coarse 
algorithm will be used to validate the FOC algorithm between 1000 and 4000 RPM whereas the 
improved one will be compared with the coarse algorithm in the FOC algorithm from 1000 – 
3000 RPM. The improved algorithm presented some issues at the starting up of the motor and 
speed above 3000 RPM which are related the dynamics of the machine as wells as the gain of the 
integrator from the proposed algorithm. The next section will only describe briefly the hardware 
(LCD) because the rest of the blocks from FOC algorithm are already explained in the simulation 
chapter as well as the appendix 4. 
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Figure 62 - Proposed FOC algorithm based on hardware 
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6.2.1 LCD module 
Until now, there have been no available Simulink algorithms to control a LCD with a DSP in 
Simulink so this study proposed a simple solution to monitor the variables of any algorithm in an 
LCD in real time. Firstly, the LCD of this project is an embedded system (LCD2S) which has 
many functions including write parsed on the screen, set startup screen, set cursor position, clear 
display and other functions. To use any one of these commands, it is necessary to use before 
each command, a synchronization byte hex (0xF5) or in decimal (245) to let the embedded 
system   from the LCD know that a function is being used. Among these functions mentioned 
above, there are some functions which can be remembered by the LCD module, one of them 
functions is   “set start up screen” .This can be used in order to set a text each time the LCD turns 
on. This embedded system can be used with two communication protocols including I2C and 
SPI, where the last one will be used for this project. 
6.2.1.1 LCD algorithm design 
The principle of the LCD algorithm can be applied to any variable in the algorithm. Firstly, the 
algorithm sends the synchronization byte (245) in order to use the command “Set Cursor 
Function” (138), which has the following parameters [row 1-4] and [column 1-20]. In this case, 
the actual speed value which is the variable in the example will be at row 4, column 8. Next the 
synchronization byte is send again in order to use the command “Write Parsed Screen” (128), 
which write any character based on ASCII code on the LCD. Then the variable actual speed 
needs to be divided into its unis, tens, hundreds and thousands because it can only send one digit 
at time. 
 
Figure 63 - LCD algorithm 
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6.2.1.2 LCD hardware design 
The diagram below shows the SPI connection between the eZdsp TMS320F28335 and the 
LCD2S. Between these two components, it is necessary to set two logic level converters due to 
both systems have different voltage levels. In this project, the BOB-08745 [50]which is level 
converter has been selected. The eZdsp board supply two voltages including 3.3 for the 
microcontroller and the 5v which is is connected to the LCD2s module. The SOMI line which 
stands for Slave Output/ Master Input is disable  due to the microcontroller does not receive any 
data from the LCD, it only sends data to the LCD. 
 
Figure 64 - Configuration between eZdsp and LCD2S module 
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6.3 Motor controller 
Figure 65 shows the motor controller which was proposed by this study. This motor controller 
consists of  eZdsp F28335 board which has the TMS320F2835, a Digital Motor Control board 
(DMC550) which has all circuitry to power the motor  and sense the currents as well as  the hall 
effect sensors, and the LCD-keyPAD interface which controls the motor from the test rig. The 
pins of this motor controller can be seen in appendix 6.  
 
Figure 65 - Motor controller components 
6.3.1 Speed response of the motor controller at zero load 
The motor from the test rig was run with a similar pattern as it was run in the speed response at 
zero load  in the simulation. The reference speed was varied from 1000 to 4000 RPM and then 
back to 1000 RPM which was the same as the simulation but at the end the reference speed was 
changed again from 1000 to 3000 RPM via keypad. The rotor position was provided based on 
the coarse theta algorithm in order to validate the FOC algorithm.  The improved algorithm was 
not used in this test because it presented some issues at the starting up of the motor as it was 
expected and at speeds above 3000 RPM which in the following section will be explained in 
detail.  The figure below shows the speed response at zero load based on the hardware. 
 
Figure 66 - Speed response based on the Motor controller 
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1000 RPM 
 
2000 RPM 
 
3000 RPM 
 
4000 RPM 
 
Figure 67 - Motor controller signals  
Yellow (Hall Effect sensors Hb), aqua (rotor position),  purple (current Ia), blue (current Ib) 
 
 
 
 
  
Figure 68 - LCD screenshots 
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It can be seen from figure 67 that the rotor position was synchronized with the Hall Effect signal 
(Hb) where both of them have the same frequency in all step speeds. The six steps of any 
electrical cycle can be seen very clearly at 1000 RPM compared at 4000 RPM where these steps 
cannot be seen because the speed is higher in this figure.  The stator currents from figure 67 were 
in function of volts, as they were expected, they were not sinusoidal because the coarse 
algorithm can only provide an accuracy of 60 electrical degrees.  
A bipolar current measurement is made based on specifications from the DMC550 board and the 
DSP for the FOC implementation. The maximum current of the motor is +/- 3.5A where the 
voltage (V) across of one of two shunt resistors (R= 0.05ohm) from one leg of the inverter is 
calculated as 
 = ); = 7*0.05=0.35v                                               (6.1) 
 
In order to use the full range of the ADC (3.3v) from the DSP, a gain is necessary to be used so  
 - = ~iv~ = .. = 9.42    (6.2) 
An offset is necessary to be added in order to achieved mid-scale in the ADC in order to 
achieved bipolar currents measurements, so the offset is obtained by 
																																																																,,+\ = giv¡ = .¢. = 175	£   (6.3) 
Therefore, the current in terms of volts is calculated as  
\ = (,,+\ + £-n\) ∗ ¤-      (6.4) 
 \ = (175	£ + ) ∗ 0.05) ∗ 9.42                 (6.5) 
 																																																							) = ~SRX(|¥∗¢.)(.)∗(¢.) =	 ~SRX.	. 	                                 (6.6)                          
According to figure 67, at 1000 RPM and 4000 RPM, the maximum voltage was 1.88v and  
2.40v  in  the stator current  Ia, when the motor was running with the coarse algorithm. 
Therefore, the current (Ia) in amperes was equivalent to 
 ) = ~SRX(|¥∗¢.)(.)∗(¢.) =	 .X.	.  = 0.48A                (6.7)  
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) = ~SRX(|¥∗.)(.)∗(¢.) =	 .X.	.  = 1.59A                (6.8)  
Finally, Figure 68 shows the visualization of the reference and actual speed from the motor and 
other three variables called Im1, Im2 and Im3 which can be used to monitor other variables in 
the FOC algorithm. The last three variables were set to zero in this study.    
6.3.2 Iq and Id current responses 
 
Figure 69 - Iq response based non- improved r theta algorithm under zero load with the motor controller 
 
 
Figure 70 - Iq response based non- improved r theta algorithm under zero load with the motor controller 
 
Overall, the current Iq and Id can be controlled independently as they are seen in the figures 69 
and 70. The Iq and Id (measured) tracked their references not as accurately as in the simulations 
because the stator currents were not pure sinusoidal waveforms, which were the product the poor 
resolution of the coarse rotor position.  
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The starting up problem of the motor with the coarse rotor position cannot be seen in the figure 
above because the coarse algorithm provides the real rotor positions instead of an estimation 
which is given by the improved rotor position. The highest Iq (ref) was 1.42A at 4000 RPM 
whereas the lowest one was at 0.52A which was at 1000 RPM which were similar to the stator 
currents Ia (0.48A and 1.59A) at that speeds. The Iq (ref) was kept to zero in order to have a 
direct proportionality between torque and Iq current.   
 
6.3.3 Power consumption of the motor 
 
 
Figure 71 - Motor Power consumption based on the motor controller 
The power consumption in the motor was measured via three digital power meters where the 
active powers of the three phases were added at every step speed. It was seen that the motor 
consumed 19.5 watts at 4000 RPM which was higher than the simulation (18.19watts) whereas at 
1000 RPM, the power consumption was 4.09 watts which was again higher than in the 
simulation (1.16wats). The power consumption difference between the hardware and the 
simulation was because of two reasons. The first one is that the stator currents which were 
generated based on the coarse theta algorithm were non-sinusoidal currents which imply having 
apart from  its fundamental frequency, harmonics which cause increase in the power 
consumption in the motor [51] and the second reason is that the power consumption 
measurement of a motor when is driven by  these type of non-sinusoidal currents is not always 
accurate enough by using RMS approximation based on sinusoids.  
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6.4 Discussions between the improved and coarse theta algorithm 
The coarse rotor position was used for the validation of the FOC algorithm because the motor ran 
all speed range (1000-4000 RPM) whereas, with the improved algorithm, the motor ran from 
(1000 – 3000 RPM). Although sinusoidal current waveforms could not be generated based on the 
coarse rotor position because its low resolution, Iq and id could be controlled independently as 
seen in the figures 69 and 70.  
Apart from validating the FOC algorithm, the coarse was used to start up the motor in a new 
FOC test where rotor positions and current waveforms were compared based on the coarse and 
improved rotor positions between 1000 and 3000 RPM. In this test, the speed, (Iq ,Id) currents 
could not be recorded because of an issue  with a recording tool of the DSP and the improved 
rotor position. The issue was that as soon as the recording tool was on, the speed of the motor 
based on the improved algorithm was reduced, if the recording tool was off, the speed worked 
properly. 
It is seen on the right side of the figure 72  that a continuous rotor position can be obtained based 
on the improved rotor position algorithm at 1000 RPM as a result of integrating the actual speed, 
setting the right gain for the integrator and resetting it at every electrical cycle rather than the six 
step rotor position from the coarse algorithm, on the left on figure 72. There was a difference in 
the improved algorithm in the simulation and in the hardware. The gain of the integrator which 
was set in the loop up table of the improved algorithm was 1.4 times higher in the hardware than 
in the simulation, which affects the speeds above 3000 RPM.  
1000 RPM 
 
 
 
Figure 72 - coarse vs improved theta algorithm at 1000 RPM 
Yellow (Hall Effect sensors Hb), aqua (rotor position), purple (current Ia), blue (current Ib) 
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Overall, by using the improved algorithm, sinusoidal currents can be seen in the stator current, 
however, they are a bit distorted. Having sinusoidal currents, the amplitude of the currents 
decreased hence the power consumption. Therefore, the amplitude of stator current Ia was 
reduced from 1.88v to 1.84V which in Amperes is equivalent to: 
) = ~SRX(|¥∗¢.)(.)∗(¢.) =	 .X.	.  = 0.40A (improved algorithm)   (6.9) 
 
And 1.88v is equivalent to 0.48A as it was calculated before. 
 
2000 RPM 
 
 
 
 
3000 RPM 
 
 
 
Figure 73 - Coarse vs improved theta algorithm at 2000 RPM and 3000 RPM 
Yellow (Hall Effect sensors Hb), aqua (rotor position), purple (current Ia), blue (current Ib) 
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The same pattern occurs in figure 73, when the motor run from 2000 to 3000 RPM based on the 
improved algorithm. Sinusoidal current waveforms can be seen in the motor stator as a result of 
improving the rotor position. The stator current Ia is equivalent to: 
At 2000 RPM 
) = ~SRX(|¥∗¢.)(.)∗(¢.) =	 .X.	.  = 1.0 A (improved algorithm)   (6.10) 
 
At 3000 RPM ) = ~SRX(|¥∗¢.)(.)∗(¢.) =	 .X.	.  = 1.25A (improved algorithm)   (6.11) 
 
And the currents from the coarse rotor position are 1.08A and 1.34A at 2000 and 3000 RPM 
respectively which are a bit bigger than the currents from the improved algorithm. 
6.5 General discussion 
The proposed FOC algorithm was implemented in hardware based on the coarse algorithm where 
it controls the speed of the motor from 1000 to 4000 RPM with the similar pattern as in the 
simulation. It is seen that the frequency of the coarse rotor position also called coarse algorithm 
had the same frequency as the Hall Effect signal (Hb) which indicated the correctness of the 
motor speed. The speed could also be verified on the LCD as it can be seen in figure 68. 
Iq and Id currents were controlled independently the same as the separately excited DC motor, 
however it was not as accurate as in the simulation because of the low resolution of the coarse 
rotor position. In the simulation, Iq (ref) which was almost equal to Iq (measured) which were 
0.35A and 1.28 A at 1000 RPM and 4000 RPM respectively, whereas in the hardware Iq (ref) 
were    0.48 A and 1.59A respectively. The currents in the hardware were higher than in the 
simulation because the motor consumes more power when it is fed by non-sinusoidal currents 
because of the harmonics of these currents which increase the power consumption of the motor. 
According to the power consumption, as it was mentioned earlier, the motor had 1.16watts and 
18.19watts at 1000 and 4000 RPM in the simulation based on the improved rotor algorithm while 
in the hardware it was 19.5 and 4.09 watts based on the coarse algorithm. This power 
consumption difference was related to mainly the non-sinusoidal currents.  
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The coarse algorithm was not only used to validate the FOC algorithm but also to start up the 
motor and allow the improved rotor position operated with the motor based on the FOC 
algorithm without recording data at such a speed and (Iq ,Id) currents because of  the issue 
associated with the recording tool. Based on the improved rotor position, the motor ran from 
1000 to 3000 RPM where sinusoidal currents were generated which reduced the magnitude from 
the stator currents hence the power consumption in the motor. It is seen how the stator current 
(Ia) was reduced from 0.48A to 0.40A when the rotor position was switched from coarse to 
improved rotor position at 1000RPM. Finally, the speed could not be controlled above 3000 
RPM because of the inaccuracy of the rotor position as well as the gain of the integrator.  
6.6 Conclusions  
The aim of this chapter was to implement the FOC algorithm from the simulation into the DPS 
where the speed of the motor can be controlled from 1000 to 4000 RPM and the reference and 
actual speed can be seen on the LCD based on the coarse theta algorithm. Iq and Id currents were 
controlled not as accurate as in the simulation because of the low resolution (six steps per 
electrical cycle) of the coarse rotor position. The power consumption in the hardware was higher 
than in the simulation because of the non-sinusoidal currents which is the product of the coarse 
algorithm.  The motor ran from 1000 to 3000 RPM based on the improved rotor position, where 
sinusoidal currents were seen in the stator which results in a reduction in the amplitude of the 
stator currents. 
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Chapter 7 
Conclusions and future research 
 
The aim of this chapter is to summarize each chapter and identify the potential future research. 
 
7.1 Introduction 
This chapter shows that many heart failure patients die because of lack of heart donors and how 
mechanical assist devices also called blood pumps are a good alternative. In this chapter also 
shows that, an introduction of these blood pumps and its generations especially the third 
generation blood pump which, consist of a rotary motor and a magnetic bearing are responsible 
of the rotation and levitation for the impeller respectively in a the blood pump. This part of the 
study indicates that the levitation is neglected by attaching a shaft to the rotor while the rotation 
is analyses in a motor (PMSM) test rig which has low resolution Hall Effect sensors. Finally, it 
points out that there has been little study about the model and simulating of a FOC algorithm into 
a microcontroller to control a PMSM in a blood pump. 
7.2 Literature review 
In this chapter, an excellent thorough review of all mechanical assist devices was shown in a 
table where the speed range, flow, power consumption and other aspects were seen. This chapter 
also showed what type of motor control algorithms was involved in the third generation blood 
pumps and what techniques were being used to enhance the resolution of the Hall Effect sensors 
to perform a high performance FOC algorithm. It also showed what type of microcontrollers and 
programming techniques were used in the blood pump field. It was found that Texas instruments 
digital signal processors were the most suitable for motor control applications whereas a 
Simulink toolbox called embedded coder was found as a programming technique to program the 
DSP in a graphical way without writing massive lines of code with the only purpose on focusing 
on the algorithm itself. 
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7.3 Motor background and mathematical model 
This chapter showed that the principle behind of the Permanent magnet synchronous motor 
(PMSM) consists of the interaction of the magnetic field between the stator and rotor in order to 
generate the torque. It also showed how FOC algorithm controls direct and quadrature currents 
independently the same as the behaviour of the separately excited DC motor making this motor 
control algorithm dynamically superior than scalar algorithm. FOC uses some transformations 
including Clark and Park and its inverse in order to behave like this DC motor. It also indicated 
that the Space vector modulation generates the voltages which are applied to the stator phases by 
switching the upper three power transistors from a voltage source inverter in detail. Finally, a 
mathematical model of the PMSM was made based on d-q equivalent circuits where it was 
restated as in other studies that the torque is directly proportional to the quadrature current (Iq). 
7.4 Research platform 
This chapter explained the components including the motor test rig which a PMSM with has low 
resolution Hall Effect sensors, the digital signal processors (TMS320F28335) and the embedded 
coder for a better understanding of this study. It also described the part of the architecture of the 
chosen DSP which was involved in this motor application, and the relationship between the 
architecture of this DSP and the embedded coder. Finally, it showed how the coarse theta 
algorithm also called coarse rotor position was made based on the Hall Effect sensors and the 
necessity to improve this algorithm because it only provides six steps per electrical revolution 
which is not enough to perform a high performance FOC algorithm. By improving rotor position 
(theta), not only Iq and Id currents can be controlled more accurately but also the power 
consumption can be reduced because of the reduction in the harmonics in the stator currents.   
7.5 PMSM and FOC simulation 
This chapter showed simulation of the PMSM and FOC algorithm based on the two Simulink 
toolboxes including SimPowerSystems and embedded coder. Due to the PMSM of this project 
utilizes low resolution hall effect sensors, an improved algorithm is proposed which consist of 
integrating the actual speed, setting a gain with a look up table and resetting the integrator at 
every electrical cycle in order to obtain a continuous rotor position.  
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Then this improved algorithm is compared with an incremental encoder algorithm where rotor 
accuracy, speed, current response and power consumption are obtained in order to validate the 
improved rotor position under zero and load conditions.  
According to the simulations under zero load, it was found that the improved and incremental 
encoder theta algorithms generated a continuous rotor position which resulted in sinusoidal 
current wave forms in the motor stator from 1000 to 4000 RPM. They also behaved nearly the 
same because they had the same speed response except for an overshoot when the motor was run 
based on the improved algorithm, they had equal power consumption in all speed range with a 
power consumption no more than 20watts, and they also had nearly the same Iq and Id current 
responses under zero load. The difference between these two algorithms can be seen in the rotor 
position error which is the difference between the incremental and improved algorithms. The 
biggest error occurs at the starting up of the motor, and the following minor errors were related 
to speed transitions. All these errors generated distortion in the stator currents. These errors are 
related to machine dynamics, where in the case of the improved algorithm, it assumes constant 
speed in every step same as in the previous step in an electrical cycle which is not true because 
the motor accelerates and decelerates.   
According to the simulations under load conditions, three external loads were applied to the 
motor, where the first two external torques which had the same magnitude for both algorithms 
including the incremental and improved rotor positions, the motor behaved nearly the same 
except for the distortion in the stator current when a speed transition occurred or when an 
external load was being applied based on the improved rotor position.  The third torque had 
different magnitude because the motor rejected 0.032N.m when it ran at 3500 RPM, with the 
incremental encoder as position sensors; however when it ran at 3500 with the improved 
algorithm, the motor could only reject external torques below 0.02N.m. As discussed before, 
calculating the speed between two previous positions while the motor accelerates or decelerates 
will not be accurate in order to calculate the rotor position which consequently has a negative 
effect   in the load disturbance rejection of this algorithm 
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To sum up, the FOC was implemented successfully where iq and id were controlled 
independently and the improved rotor position was made satisfactory because it behaved 
similarly to the incremental encoder algorithm. 
 However, some improvements are necessary to be made at the starting up of the motor and when 
an external load is being applied to the motor in order to be used in a blood pump.  
7.6 Hardware implementation of the motor controller 
This chapter showed the implementation of the proposed FOC algorithm from the simulation 
into the hardware based on the coarse and improved theta algorithms. The motor was run with 
the coarse rotor position from 1000 to 4000 RPM whereas with the improved rotor position, the 
motor run from 1000 to 3000 because it presented some issues at starting up and speeds above 
3000 RPM.  
Based on the coarse rotor position, it was synchronized with the Hall Effect signal Hb, where 
both of them had the same frequency in every step speed which proves the correctness of the 
speed controller. The direct and quadrature current (Id and Iq) were controlled independently not 
as accurately as in the simulation because of the non-sinusoidal currents in the stator which was 
the product of the low resolution of the coarse rotor position. The power consumption was 4.09 
and 19.9 watts at 1000 and 4000 RPM respectively whereas in the simulation it was 18.19 and 
1.16 watts. This power consumption difference between the simulation and the hardware is due 
to the non-sinusoidal currents which are generated based on the coarse rotor position which 
increases the power consumption in the motor. 
 Based on the improved rotor position, the motor was started up with the coarse rotor position 
and then was switched with the improved rotor position where the motor ran from 1000 to 3000. 
As a result of the improved rotor position, sinusoidal currents (ia and Ib) can be obtained in the 
stator, however they were a bit distorted. It was verified that when the motor is driven with 
sinusoidal currents, the amplitude of the currents decreases so the power consumption. Overall, 
the FOC can be implemented successfully because Id and Iq can be controlled independently 
however it is necessary to improve the rotor position in order to control Iq and Id accurately and 
reduce the power consumption in the motor.    
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7.7 Future research 
In order to improve this study, several steps can carried out 
7.7.1 Research platform 
This thesis utilized excellent tools including the motor test rig, the eZdsp F28335, and the 
embedded coder however some actions can be made to improve the research process: 
• The test rig can be redesigned in order to set a force transducer and incremental encoder 
while keeping the Hall Effect sensors in the motor test rig. By doing this, the incremental 
encoder results under zero and  load conditions can be compared not only in the 
simulation but also in the hardware against the low resolution Hall Effect sensors in order 
to validate the system more accurately. 
• In order to make the system more accurate, a pump case should be made in rapid 
prototype printer and attach it the motor with their sensors in order to make the motor 
work directly with fluid especially glycerol, where flow and pressured can be measured 
and plot the PQ curve of the pump. 
• The idea of this motor controller is that in the future it would be portable, so the eZdps 
F28335 board could be replaced for a smaller one with the same DSP. The author 
suggests the TMS320F28335 Experimenter Kit.  
7.7.2 Simulation 
The simulation between the Permanent magnet synchronous motor and the field oriented control 
were successful under zero load and load conditions however some steps could be done to 
improve this section. 
• The improved algorithm which is based on the Hall Effect sensors has issues at the 
starting up of the motor and when an external was being applied which generated 
distortion in the stator currents which saturates the controllers and makes the system 
work inaccurately. Therefore, a solution is first to use a strategy where a ramp generator 
is used and a small torque is applied to the motor in order to start it without having big 
distortions in the stator currents. Secondly, the acceleration/deceleration of the motor 
needs to be taken into account in the improved algorithm in order to solve the poor load 
disturbances rejection. 
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• No effects have been seen in the misleading issue of the incremental encoder algorithm; 
however, the idea is to improve it in order to minimize the error in the total system. 
• In the power consumption section, apart from measuring the active power of the drive, 
the reactive, apparent power and power factor should be calculated in order to see the 
power efficiency of the motor.  
7.7.3 Hardware implementation of the motor controller 
The implementation of the FOC algorithm in hardware was successfully based on the coarse 
rotor position however some steps need be considered in the future. 
• The motor run from 1000 to 4000 RPM based on the coarse rotor position however the Iq 
and Id could not be controlled as accurately as possible because the non-sinusoidal 
currents which are the result of the low resolution rotor position. The motor ran from 
1000 to 3000 rpm based on the improved theta algorithm where in overall sinusoidal 
currents were obtained.  This improved algorithm worked in simulation but in hardware it 
did not work until the maximum speed so the parameters of the motor should be 
considered again, and simulated again in order to test it in hardware. Apart from doing 
that, another step would reset the integrator every 60 degrees instead of 360 degrees in 
order to make the rotor error as small as possible.  
• In order to make the system smaller, the DMC550 should be replaced by an intelligent 
power module (IPM) which has all circuitry needed to power the motor except for current 
sensing and Hall Effect sensors. The author of this study designed a simple motor 
controller based on the IPM where it was controlled by the PWM mode based on New 
Researcher Grant which was granted by The Prince Charles hospital, Brisbane Australia.  
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This motor controller can be modified by attaching a current sensing circuitry to the IPM 
motor controller in order to implement FOC control algorithm. This motor controller can 
be seen below and the schematics can be seen in the appendix7. 
 
 
 
 
 
 
 
                  Figure 74 - Motor controller based on an intelligent power module 
 
7.8 Summary 
This study modeled and simulated the PMSM and FOC algorithm based on the low resolution 
Hall Effect sensors for a third generation blood pump successfully, where the levitation of the 
rotor of this blood pump was neglected.  It also proposed and implemented an algorithm in order 
to enhance the resolution of these Hall Effect sensors where the behavior of this algorithm was 
very similar to the behavior of the incremental encoder algorithm based on rotor accuracy, speed, 
current response and power consumption measurements in the simulations, The improved 
algorithm could tolerated load disturbance up to a limit. Finally, this study implemented this 
FOC algorithm based on the Hall Effect sensors in the hardware successfully. The improved 
rotor position algorithm could generate sinusoidal currents in the motor stator and it worked 
successfully in the range 1000 RPM to 3000 RPM. In order to be   used in a third generation 
blood pump with low resolution Hall Effect sensors, and work over desired speed ranges and 
required load disturbances, the FOC algorithm may require future improvements in the rotor 
position estimation as pointed out by this study. 
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Appendix 1- Motor parameters 
 
 
MOTOR PARAMETERS VALUE UNIT 
Stator Phase resistance 1.8 ohm 
Armature inductance 0.0024 H 
Inertia 5.57e-7 J(kg.m^2) 
friction factor 7.79 e-9 F(N.m.s) 
pole pairs 4  - 
Torque Constant (Kt) 0.028531 N.m/A_peak 
Rated Voltage 24 V 
Rated Current 2.5 A 
Rated speed 4000 RPM 
Table 7 - Motor parameters 
 
PLANT INPUT UNIT 
Mechanical torque N.M 
PLANT OUTPUTS UNIT 
Stators currents ia ib A 
Rotor position (for the 
incremental encoder) Rad 
Hall Effect sensors Logic 1-0 
Table 8 - Inputs and output of the PMSM block 
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Appendix 2- DSP architecture 
 
  
 
Figure 75 - Structure of the DSP (TMS320F28335) [46] 
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Appendix 3- Embedded coder configuration 
 
 
Figure 76 - Clock Configuration at 150Mhz 
 
 
Figure 77 - GPIO  configuration for the columns 
from the Keypad  
 
 
 
 
Figure 78 - GPIO configuration for rows from the 
Keypad 
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Figure 79 - GPIO configuration for the LCD module 
 
 
Figure 80 - GPIO configuration for the Hall Effect sensors 
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Figure 81 - PWM configuration 
 
 
Figure 82 - Action Qualifier configuration  
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Figure 83 - Dead band configuration 
 
 
Figure 84 - Event Trigger configuration 
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Figure 85 - ADC configuration block
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Appendix 4- Proposed field oriented control in the simulation 
 
 
 
Figure 86 - Proposed field oriented control algorithm
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Figure 87 - RPM to PU block from speed controller block 
 
 
Figure 88 - Saturation from PI current controllers block 
 
 
 
 
Figure 89 - Inverse Park and space vector generator block 
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Figure 90 - PWM module from Inverse Park and space vector generator block 
 
 
 
 
Figure 91 - Current scaling block 
 
 
 
 
Figure 92 - Current scaling plant from current scaling block 
 
91 
 
 
 
Figure 93 - Multiply by -1 block from current scaling block 
 
 
Figure 94 - Park and Clark transformations block 
 
 
 
 
Figure 95 - Speed subsystem from improved theta and speed algorithm block 
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Figure 96 - Speed conversion from improved theta and speed algorithm block 
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Appendix 5- Digital PID controller with anti-windup review 
 
 
Figure 97 - PID controller with anti-winup [52]  
The differential equation for the PID controller before saturation can be described as [53]: 
Lz¦Q#NR	(R)§	Y¨	(©)ª	«¬(©)ª«­	(©)  
  Lz¦Q#NR   is the output before saturation. 
 The Proportional term is defined as    Lz		(\) = z ∗ 	+(\) 
 The integral gain with saturation correction  		(R)§®¨¯¬ 		° Q	(±)∗(±)© Z	x²(S(R)XY¨³´µ¶©	(R)) 
The derivative term     L =	z*! ∗		Q(R)R  
Where 
(\) is the output of the PI controller 
+(\) is the error between the reference and feedback variables 
z is the proportional gain of the PID controller 
!	 is the integral time of the PID controller 
! 	 is the derivative time of PID controller 
 is the integral correction of the PID controller 
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These equations can be discretised using backward approximation: 
Lz¦Q#NR	(q) = 	Lz(q) +	L(q) +	L(q)  
Where the proportional term 
Lz		(q) = z ∗ 	+(q) 
The Integral term with saturation correction is defined as follows 
L(q) = 	L(q − 1) + z ∗ !! 	(+(q) +		 ∗ (L(q) − Lz¦Q#NR 	(q)) 
Derivative term is defined as 
L(q) = 	L(q − 1) + z ∗ !! 	(+(q) − +(q − 1)) 
Where   =	 UU¬  and = U­U  , therefore the integral with saturation correction and derivative 
terms finally become 
L	(q) = 	L(q − 1) +  ∗ Lz(q) +  ∗ (L(q) − Lz¦Q#NR 	(q)) 
Lq(q) =  ∗ (Lz(q) − Lz(q − 1)) 
Where T is the sampling period which for this project is 5e-5. 
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Appendix 6 – Proposed Motor controller for this study  
 
Table 9 - Proposed motor controller connections 
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Appendix 7- Future motor controller 
 
Figure 98 - Intelligent power module (STGIPS10K60A) 
 
 
 
Figure 99 - Schematic of the intelligent power module (STGIPS10K60A) 
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Figure 100 - Proposed algorithm for the IPM 
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